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ABSTRACT 
Computational work was performed to support several synthetic projects in the 
Doerrer lab. The new luminescent cerium complexes [K(THF)6][Ce(OC4F9)4(THF)2] (20) 
and [K(THF)2][Ce(pin
F)2(THF)3] (22) were structurally optimized in the gas phase, and 
their uncommonly blue-shifted absorption spectra were simulated by TD-DFT. Electronic 
structure analysis elucidated the 4f→5d transitions responsible for the absorption peaks, 
showing the involvement of the fluorinated alkoxide ligands in the composition of the 
donor orbitals. 
The [pinF]2− ligand was also coordinated to Sn(II) and Sn(IV). The structures of the 
new compounds [K]2[Sn(pin
F)2] (31) and [K]2[Sn(pin
F)3] (32) were optimized by DFT and 
their electronic structures examined, revealing a sterically exposed lone pair in the case of 
31, and for 32 showing that its unusually twisted six-coordinate geometry (azimuthal angle 
~30°) is maintained in the absence of counterions. 
Metal-metal interactions were investigated in the diamagnetic lantern compounds 
[PtM(SOCR)4(OH2)] (R = CH3, M = Mg (1), Zn (56); R = C6H5, M = Mg (2), Ca (3), Zn 
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(4)). 195Pt NMR spectra calculated for these lanterns and the precursor ion [Pt(SAc)4]
2− 
(42) demonstrate the electronic effect of coordinating these Lewis acidic metals to the 
electron-rich Pt(II) center. Canonical and NBO analyses show that the {PtZn} lanterns 41 
and 56 possess dative bonds between Pt and Zn, while Ca and Mg feature purely ionic 
interactions with Pt. 
A new class of heterobimetallic lantern complexes of the form [PtM(pipCOS)4(py)] 
(M = Mn (43), Co (44), Ni (45), and Zn (46)) were synthesized. These species exhibit 
strong absorption in the visible range that was investigated by DFT. Structural and 
electronic analyses reveal donation from the lone pair on the piperidine N atom into the 
delocalized ligand system in the ground state, indicating the potential for LMCT to occur 
upon excitation. 
A new bidentate ligand, a condensed thioamide, was bound to a Pt(II) center in the 
complexes [Pt(ctaPhMe)2] (57) and [Pt(ctaPh
Me)2]
2− (59). DFT analysis of these and the 
hypothetical ion [Pt(ctaPhMe)2]
− (58) showed that reduction occurs on the ligands 
themselves, with the added electron density concentrated on carbon atoms in the ring, and 
that the doubly reduced species exists in the high-spin state. 
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CHAPTER 1. A Structural and Spectroscopic Overview of Molecular Lanthanide 
Complexes with Fluorinated O-Donor Ligands 
 
1.1. Basics of Ln Species 
1.1.1. Introduction 
The rare earth elements (REs) comprise scandium, yttrium, and the lanthanides 
(Ln), which are most often found naturally in the same ores and display similar chemical 
behaviors. These include a strong affinity for hard Lewis acids,1 as well as useful 
photophysical properties2 that have led to extensive use in lasers and other optical 
materials. The lanthanide elements themselves are also known for fascinating and useful 
magnetic properties, both in extended solids (e.g., as parts of cell phones) and as 
components of single-molecule magnets (SMMs).2-6 
The extended structure, solid-state applications of REs and RE-doped substances 
are myriad and have been well-addressed in previous reviews; the reader is referred to 
several recent works.7-15 The design and synthesis of molecular Ln species has also been 
discussed in the context of manufacturing some of these materials, with an emphasis on 
precursors for chemical vapor deposition (CVD).16-18 Particularly important in the case of 
CVD precursors are metal fluorides and fluorinated metal complexes.8 
This chapter summarizes the structural and photophysical data for non-polymeric 
Ln(III) complexes bearing fluorinated O-donor ligands. Structural data were obtained from 
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the November 2018 version of the Cambridge Structural Database (CSD),19 and the 
photophysical data were taken from the attendant publications. 
 
1.1.2. Molecular Orbital Model of Luminescence 
Absorption of a photon with energy matching a transition energy of the system 
excites an electron from an occupied molecular orbital into an unoccupied one. The energy 
from the absorbed photon can be lost through several mechanisms, including molecular 
vibration, energy transfer to another spin-state system (intersystem crossing), and re-
emission of lower-energy photon (Scheme 1.1.). Often, more than one of these mechanisms 
occurs during the overall process. 
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Scheme 1.1. Mechanisms of energy loss in luminescence (Jablonski diagram). S0 
represents the singlet ground state, with S1 and S2 indicating singlet excited states. T1 is 
the first triplet excited state. 
 
The pathway and degree of energy loss are dependent on the environment 
surrounding the excited center. For example, molecular vibrations are affected by ligand 
rigidity and the masses of the atoms present. Intermolecular electron transfer is possible if 
adjacent molecules with orbitals of the appropriate energy and symmetry are spatially 
accessible. If the spin state of the complex remains the same throughout the photophysical 
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process, the excited state is short-lived (nanosecond or faster) and and the emission is 
termed fluorescence. In other cases, the spin state can change, resulting in phosphorescent 
emission with a longer lifetime (microsecond and above). All of these factors contribute to 
the system’s luminescent behavior, or lack thereof.  
 
1.1.3. Lanthanide Luminescence and its Uses 
The lanthanides are remarkable in part because their f orbitals are largely shielded 
from interaction with ligand fields.1 Unlike the broad d→d transitions prevalent in 
transition metal complexes, the f→f absorption spectra in Ln(III) complexes are typically 
very narrow due to the strongly ionic character of the metal-ligand bonds and an absence 
of vibrational mixing.20, 21 Emissions from the Ln(III) center therefore tend to occur at 
discrete energies, producing sharp peaks in their spectra that largely do not shift when the 
ligand environment is changed. This behavior is again in contrast to the emissions of d-
block metal complexes, which are strongly influenced by ligand field splitting. 
Like their d→d counterparts, the f→f transitions of the lanthanides are parity-
forbidden, and therefore usually produce quite weak luminescence. A way to increase the 
quantum yield, φ, of a complex is to use an antenna to absorb energy from light and transfer 
that energy from the ligand triplet state to the lanthanide excited state.22-29 These ligands 
are commonly organic chromophores, but there are examples of systems that contain an 
auxiliary transition metal center in the sensitizer role.30-34 This behavior has been observed 
not only in molecular systems, but in doped nanomaterials35 and metal-organic frameworks 
(MOFs)36, 37 as well.  
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Owing to their discrete photoemissions, lanthanides that emit in the visible 
spectrum are widely used in both specialized and consumer electronics.38 Many also emit 
in the infrared region, and are implemented in medical contrast dyes.7, 39-41 Lanthanide-
based “tags” can be bound to protein molecules to improve analyses of protein structure 
and function by photophysical methods, paramagnetic NMR spectroscopy,42, 43 and aiding 
in solving X-ray crystal structures via the heavy-atom effect. Solid-state materials are also 
common, such as the Nd-doped yttrium-aluminum-garnet laser (Nd:YAG).44 Its emission 
can be tuned by selective excitation into various transitions, with IR and near-IR 
frequencies used for medical procedures such as the removal of cancerous45 and pre-
cancerous46 tissues. Nd:YAG also has extensive applications in manufacturing, such as 
engraving surfaces or cutting through bulk materials.47, 48 
An important exception to the discrete, predictable luminescent behavior of the 
lanthanides is Ce(III), whose luminescence often involves 4f→5d transitions. Being parity-
allowed, these transitions typically have higher oscillator strengths than f→f, and the 
participation of the empty 5d orbitals greatly increases the ligand field contribution to the 
complex’s photophysical properties. As we shall see, this dependence on ligand field 
results in cerium having a widely tunable range of emissions. 
 
1.1.4. Common Structural Motifs 
Complexes of the early lanthanides, due to their large ionic radii, are often found 
with coordination numbers greater than six. Species with coordination numbers up to 
twelve, such as hexanitrates like the anion in (NH4)2[Ce(NO3)6] with bidentate NO3 
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ligands, have been characterized. There are also several examples of Ln centers contained 
within a fullerene cage and interacting with many of the carbon atoms.49-70 Bulky ligands 
are generally required in order to achieve coordination numbers lower than five; there are 
few non-polymeric examples of early lanthanides in such an environment, and many 
include large silyl groups such as bis(trimethylsilyl) amide (N′′, Scheme 1.2.).71-81 
 
 
Scheme 1.2. Structure of the N′′ ligand, [N(SiMe3)2]−. 
 
Ln(III) ions have a strong affinity for hard donors such as O and N: of 25,850 CSD 
results for non-polymeric structures containing any Ln…X bond (where X = any atom), 
only 1559 do not contain either Ln…O or Ln…N (Scheme 1.3.). Many species contain labile 
ligands such as triflate, nitrate, water, or organic O-donor solvents like THF. There are 
1211 structures that feature O-donating phosphorous derivatives such as phosphinates, 
phosphine oxides, or phosphoramides; 703 have Ln…O…S motifs other than triflate. Direct 
Ln…P and Ln…S contacts are less common, returning 245 and 598 hits, respectively. 
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Scheme 1.3. Breakdown of CSD hits for compounds containing Ln-X bonds. No search 
constraints were applied, and duplicate structures (e.g., BAZBAI01) were not removed. 
 
Among the most popular ligands in lanthanide chemistry are derivatives of the β-
diketonate acetylacetonate (acac, Scheme 1.4.a). Not only can they act as sensitizers, but 
the ligand-to-metal energy transfer promoted by this class of ligands82 can be fine-tuned 
by modification of the carbon backbone. A massive family of diketonate derivatives has 
been assembled over the course of more than a hundred years,83-87 including everything 
from singly-substituted88-104 to large long-chain,105 multicyclic,106-109 and extended systems 
that connect multiple metal centers.30-33, 110-121 Smaller diketonates such as acac, 
hexafluoroacetylacetonate (hfac, Scheme 1.4.b), and thenoyltrifluoroacetonate (tta, 
CSD hits: 24972
Ln-N (3055) Both (9857) Ln-O (10910) Other (1150)
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Scheme 1.4.c) are often used to fill out the coordination sphere of complexes bearing a 
larger, more complicated ligand.122-127 The N-donor 1,10-phenanthroline (phen, Scheme 
1.5.) plays a similar role, and its larger derivatives are also widely used as chromophores.27, 
128-130 Like the diketonates, the backbone of phen can be extensively modified to alter the 
photophysical properties of a complex.131  
 
 
Scheme1.4. Structures of the monoanionic ligands acac (a), hfac (b), and tta (c). 
 
 
Scheme 1.5. Structure of phenanthroline. 
 
Polyhaptic olefinic ligands, predominantly aromatic hydrocarbons like 
cyclopentadienyl (Cp = unsubstituted [C5H5]
−, Scheme 1.6.a) and derivatives, are 
frequently seen in lanthanide complexes. There are 655 Ln…C5H5 structures in the CSD, 
with an additional 815 results for the pentamethyl moiety Cp* = [C5Me5]
−. Four132-135 of 
these species contain both Cp and Cp* coordinated to the same lanthanide. Another 1337 
structures feature some other type of substituted Cp, and a further 130 (non-exclusive of 
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Cp) contain contacts, including η6 binding modes, between an Ln center and one or more 
phenyl derivatives. 
 
Scheme 1.6. Aromatic ligands cyclopentadienyl, Cp (a) and 
pentamethylcyclopentadienyl, Cp* (b). 
 
 
1.1.5. Advantages of Fluorination 
Fluorination of ligands provides several advantages. It is a known method of 
increasing both volatility and oxidative stability of molecules at high temperatures, making 
it a common tactic for synthesis of CVD precursors.136-142 Once coordinated to luminescent 
metal centers that emit in the IR and near-IR, ligands with C–F bonds have been observed 
to limit the amount of energy lost to non-radiative processes when compared to their 
hydrogenated counterparts.143, 144 This change is largely due to a mass effect, and is seen 
with other substitutions for H such as Br and D.145, 146  
The presence of fluorine is capable of stabilizing molecular structures via weak 
metal-fluorine interactions.147 C–F bonds can also protect ligands against C–H 
oxidation,148-150 which is desirable when designing catalysts for redox processes. 
Regarding alkoxides in particular, fluorination reduces the propensity of the ligand to 
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participate in bridging interactions,151 as addition of electrophilic fluorine groups draws π 
electron density away from the O-donor.8 It is not always the case, however, as will be 
discussed below. In other instances, fluorine’s affinity for Ln centers can have a 
destabilizing effect. Proximity to and possible dative interactions with the metal can favor 
decomposition to LnF3, especially in high-temperature environments.
152, 153 While this 
behavior is advantageous for the manufacture of fluoride-containing thin films,154 
nanoparticles, and ceramics, it can be a drawback when metal oxides of high purity are 
required,7, 8, 142 or when studying molecular species. 
Single-center lanthanide complexes with fluorination on ligands other than a 
diketonate derivative (including ketoesters155-159 and ketoamides160-166) or a highly labile 
triflate group are uncommon. Despite the popularity of phenanthroline as a sensitizer, few 
metal species with fluorinated phen ligands are crystallographically characterized, and all 
are centered on transition metals (TM).167-173 One system features a {TM(phen)} complex 
ligated to Eu, Gd, or Yb via a fluorinated β-diketonate substituent on the phenanthroline 
(Scheme 1.7.),30-33, 174 but there are no complexes reported in the CSD in which a 
fluorinated phenanthroline is bound to a lanthanide through Ln…N bonds. 
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Scheme 1.7. Fluorinated-phenanthroline-bound iridium sensitizing ligand, L,9, 33 used in 
[Eu(L)(tfac)3] and [Ln(L)3Cl]Cl2 (Ln = Eu, Gd; tfac = trifluoroacetylacetylene). 
 
Only 110 unique monometallic species are fluorinated with exclusively O-donor 
ligands not of the types mentioned above. Within this category, 24 are fluorinated via 
mixed-donor ligands that coordinate through both O and N.175-189 A further 36 carry 
fluorination on a non-alkoxide O-donor ligand, such as phosphines190-193 or the imide 
derivatives194-204 shown in Scheme 1.8.. The last 50 complexes in this group are single-
centered molecular species fluorinated only by alkoxides or carboxylates. However, 
despite the electron-withdrawing influence of fluorinated groups, these O-donor ligands 
are still capable of bridging two or more metal centers to form multinuclear complexes. 
Selected examples of these, as well as representative complexes of diketonates, will also 
be discussed below. 
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Scheme 1.8. Lewis structure of the bistriflimide ion. 
 
 
1.2. Structures of Fluorinated O-Donor Ligands and Ln Complexes Thereof 
1.2.1. Non-Chelating Alkoxides 
This small category is dominated by perfluorophenolate and 
hexafluoroisopropoxide (hfip, Scheme 1.9.). There are 13 crystal structures of a single Ln 
center bound to perfluorophenolate,9, 152, 205-207 seven of which9, 152, 207 have phen 
coordinated as well, and three of which are the same complex with different solvents in the 
lattice. All of these are trivalent, with three anionic X-type perfluorophenolate ligands and 
some number of neutral L-type208 ligands to fill the coordination sphere. Geometrical 
parameters are collected in Table 1.1. and visualized in Figure 1.1.. A general trend (when 
controlling for the identity of Ln) is that ligands with longer Ln–O bond distances have 
smaller Ln–O–C angles, consistent with a smaller degree of π donation from the p orbitals 
of the oxygen atom. A “slight but statistically significant” trans influence is also seen 
within each complex, as the alkoxide ligands trans to each other have slightly longer Ln–
O distances than those trans to an L-type ligand.152, 209 Also shown in Table 1.1. are the 
distances between the Ln centers and the F atoms occupying the ortho positions of the 
phenyl rings. While it might be expected that a smaller Ln–O–C angle would bring at least 
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one F atom closer to the metal, these angles do not directly correlate to Ln⋯F distances. 
There appears to be no dependence on Ln–O distance, either. However, within each ligand, 
a smaller torsion between the Ln–O and C–F vectors does correspond with a shorter Ln⋯F 
distance. 
 
 
Scheme 1.9. Fluorinated alkoxide ligands perfluorophenolate (a) and 
hexafluoroisopropoxide (b). 
 
 
  
 
 
1
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Table 1.1. Selected distances (Å), angles (°), and torsions (°) for structurally characterized Ln(perfluorophenolate)3(L)n 
species. Reference codes for entries in the CSD are provided beneath the chemical formulae. 
Complex Ln–O–C Ln–OC6F5 Ln⋯Fortho Ln–O–C–F Ref. 
[Gd(OC6F5)3(phen)2(HOMe)] 144.8(2) 2.236(2) 4.070(2) 47.1(2) 152 
HIMKAR   4.388(2) 63.4(3)  
 140.7(2) 2.258(2) 4.216(2) 60.1(2)  
   4.221(2) 61.2(2)  
 143.8(2) 2.261(2) 3.741(2) 31.0(2)  
   4.673(2) 76.8(3)  
      
[Ho(OC6F5)3(phen)2] 138.85(8) 2.2425(8) 4.0248(9) 54.17(9) 152 
HIMKEV   4.3344(6) 66.2(1)  
 143.23(8) 2.2241(9) 4.090(1) 51.8(1)  
   4.3513(7) 61.1(1)  
 137.68(8) 2.2642(8) 3.8756(8) 49.18(9)  
   4.4846(7) 75.5(1)  
      
[Sm(OC6F5)3(phen)2(OH2)] 174.17(7) 2.2597(8) 4.2845(8) 6.0(1) 152 
HIMKIZ   4.4639(7) 6.7(1)  
 143.12(7) 2.2980(7) 4.0210(6) 47.14(8)  
   4.5131(7) 70.4(1)  
 142.69(7) 2.3254(7) 4.4090(6) 64.50(8)  
   4.1496(6) 52.54(8)  
      
[Er(OC6F5)3(Et2O)3] (1) 170.0(1) 2.117(2) 4.112(2) 14.6(3) 152 
HIMKOF   4.323(2) 18.8(4)  
 159.9(2) 2.139(3) 3.920(2) 18.4(3)  
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Table 1.1. Continued      
Complex Ln–O–C Ln–OC6F5 Ln⋯Fortho Ln–O–C–F Ref. 
 159.9(2) 2.139(3) 3.920(2) 18.4(3)  
   4.519(2) 44.5(4)  
 155.3(2) 2.168(2) 3.967(2) 26.8(3)  
   4.466(2) 53.2(4)  
      
[Er(OC6F5)3(Et2O)3] (2) 
a 180.0 2.085 4.223 1.4 152 
HIMKOF   4.223 1.4  
 157.8 2.151 3.959 26.0  
   4.485 51.6  
 157.8 2.151 3.959 26.0  
   4.485 51.6  
      
[Er(OC6F5)3(Et2O)3] (3) 
a 180.0 2.089 4.227 0.6 152 
HIMKOF   4.227 0.6  
 160.3 2.148 3.994 22.4  
   4.480 44.2  
 160.3 2.148 3.994 22.4  
   4.480 44.2  
      
[Nd(OC6F5)3(phen)3] 150.15 2.329(2) 4.203(2) 42.2(2) 9 
XOVGUM   4.458(2) 53.6(3)  
 152.28 2.332(2) 4.079(2) 34.1(2)  
   4.673(2) 62.4(3)  
 131.85 2.349(2) 4.039(2) 62.5(2)  
   4.404(2) 76.7(2)  
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Table 1.1. Continued      
Complex Ln–O–C Ln–OC6F5 Ln⋯Fortho Ln–O–C–F Ref. 
[Tb(OC6F5)3(phen)2]•[phen][DME] 146.86 2.237(3) 4.099(4) 48.1(3) 9 
XOVHAT   4.337(3) 56.6(4)  
 143.81 2.245(2) 4.116(3) 52.6(3)  
   4.324(3) 60.2(3)  
 140.73 2.268(3) 3.825(2) 41.9(3)  
   4.564(3) 77.8(4)  
 142.11 2.252(3) 4.092(3) 55.0(3)  
   4.342(2) 65.1(3)  
 137.88 2.260(3) 4.156(3) 61.5(4)  
   4.179(3) 61.8(3)  
      
[Nd(OC6F5)3(DME)2] (1) 166.9(2) 2.238(2) 4.280(3) 23.5(3) 206 
YUBBAZ   4.396(2) 27.6(4)  
 152.7(2) 2.272(2) 4.020(2) 34.9(2)  
   4.539(2) 57.8(3)  
 129.4(2) 2.287(2) 3.592(2) 48.4(2)  
   4.588(2) 90.5(2)  
      
[Nd(OC6F5)3(DME)2] (2) 
a 163.2(2) 2.241(2) 3.957(3) 0.3(3) 206 
YUBBAZ   4.673(2) 1.4(7)  
 152.1(2) 2.271(2) 4.056(2) 37.8(2)  
   4.514(2) 57.7(3)  
 129.5(2) 2.273(2) 3.647(2) 48.8(2)  
   4.530(2) 88.9(2)  
      
[Er(OC6F5)3(DME)2] 164.7(2) 2.150(2) 3.925(2) 1.7(3) 206 
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Table 1.1. Continued      
Complex Ln–O–C Ln–OC6F5 Ln⋯Fortho Ln–O–C–F Ref. 
YUBBED   4.571(2) 8.7(6)  
 149.2(2) 2.180(2) 3.937(2) 39.0(2)  
   4.443(2) 62.4(3)  
 132.7(2) 2.183(2) 3.520(2) 42.5(2)  
   4.571(2) 91.8(3)  
      
[Er(OC6F5)3(py)4] 168.8(1) 2.164(1) 4.117(1) 10.2(1) 206 
YUBBIH   4.466(1) 18.8(2)  
 160.0(1) 2.182(1) 4.202(1) 33.4(1)  
 149.1(1) 2.186(1) 4.126(1) 46.0(1)  
   4.295(1) 53.2(2)  
      
[Yb(OC6F5)3(THF)3] 180.0 2.084(2) 4.191 0.1 206 
YUBBON   4.191 0.1  
 162.3(1) 2.111(2) 3.901 13.7  
   4.495 33.7  
 162.3(1) 2.111(2) 3.901 13.7  
   4.495 33.7  
      
[Tb(OC6F5)3(phen)2]•[C6H6] 143.1(2) 2.1934(17) 3.312(2) 3.8(2) 207 
ZIVCIS   3.834(1) 28.9(7)  
 138.6(2) 2.2248(17) 4.025(2) 55.2(2)  
   4.290(2) 67.4(2)  
 143.6(2) 2.2354(16) 3.834(1) 38.9(2)  
   4.553(1) 73.6(2)  
a The unit cell contains three crystallographically unique molecules of [Er(OC6F5)3(Et2O)3]. 
b The unit cell contains two crystallographically unique molecules of [Nd(OC6F5)3(DME)2]. 
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Figure 1.1. Geometric data for Ln(perfluorophenolate) complexes, showing the Ln–O–C 
angle as a function of Ln–O distance. 
 
There is also one mixed-valent Eu(II)-Eu(III) species, [(DME)(OC6F5)2Eu(μ2-
OC6F5)3Eu(DME)2] (5). In addition to the three μ2 ligands, two more perfluorophenolates 
bind in a monodentate fashion to Eu(III), and there are additional dative interactions 
between ortho-fluorines and both metal centers. The shortest Eu(III)⋯F distance is 
3.072(4) Å; the next shortest is 3.918(4) Å. Meanwhile, the Eu(II) center has three short 
Eu(II)⋯F contacts of 2.796(4), 2.853(3), and 3.108(4) Å. Similar threefold-phenolate 
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bridging is seen in the trimeric Eu(II) complex [(DME)2Eu(µ2-OC6F5)3Eu(µ2-
OC6F5)3Eu(DME)2] (6). Simplified structures of these, and the related monomer 
[Eu(OC6F5)3(DME)2] (7), are shown in Scheme 1.10.. Solid-state Eu–O bond distances are 
presented in Table 1.2..205 
 
 
Scheme 1.10. Eu complexes 5 (top), 6 (center), and 7 (bottom). DME ligands have been 
simplified for clarity. 
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Table 1.2. Eu–O distances (Å) in Scheme 1.10. 
O Binding 
Mode 
Eu(III) 
(Monomer)  
Eu(III) 
(Dimer)  
Eu(II) 
(Dimer)  
Eu(II) 
(Trimer, 
terminal) 
Eu(II) 
(Trimer, 
center) 
Monodentate 2.025(1) 2.221(4)    
 2.232(1) 2.223(4)    
 2.245(1)     
Bridging  2.348(4) 2.551(4) 2.457(2) 2.533(2) 
  2.373(4) 2.564(4) 2.488(3) 2.550(2) 
  2.410(4) 2.591(4) 2.569(2) 2.551(2) 
DME 2.456(1) 2.482(4) 2.643(4)  2.638(2) 
 2.482(1) 2.537(4) 2.657(4)  2.667(2) 
 2.487(1)  2.663(4)  2.674(2) 
 2.492(1)  2.696(5)  2.757(3) 
 
Three trends are clear from the data: Eu(III) possesses shorter Eu…O distances and 
fewer close Eu⋯F contacts than Eu(II), due at least in part to the differences in their ionic 
radii; Eu–DME distances are longer than those between Eu and OC6F5, representative of 
L- vs. X-type ligand coordination208; and the more sterically crowded ligands are held 
farther from the metal center. The latter effect is also observed between ligands on the 
monomer unit 7, as the less crowded alkoxide below the mean {O4} plane formed by the 
four oxygen atoms of the two DME ligands (no atom is farther from the best plane than 0.2 
Å) is closer to Eu than the two alkoxides above it (Figure 1.2.). However, the shortest 
Eu⋯F distance of 3.5423(9) Å is between the metal center and an ortho fluorine on the 
ligand with the longest Eu–O distance. This is consistent with the fact that the 
corresponding Eu–O–C angle of 132.2(1)° is smaller than both the cis (149.2(1)°) and trans 
(164.2(1)°) perfluorophenolates, allowing a closer approach of the F atom. Also visible in 
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the crystal structure is the π-stacking between the aromatic rings of the two cis ligands, 
which may be a driving force behind their smaller Eu–O–C angles. 
 
 
Figure 1.2. Eu–O distances in Eu(OC6F5)3(DME)2 (7, WIDFOF), with the mean plane 
formed by the four DME oxygen atoms marked in red. 
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In contrast to those with perfluorophenolate, most {Ln(hfip)}-containing 
complexes are multimetallic, perhaps due to the increased electron-donating ability of an 
alkyl group versus phenyl. There are 28 CSD entries for Ln complexes where the only 
fluorination is due to the hfip ligand, but only three136, 210 are single-center. These three 
species, shown in Scheme 1.11., all have Ce(IV) centers; Ce(III), as will be discussed 
below, forms a dimer when ligated with hfip.211-213 The precise reason for this difference 
has not been examined, but it might be possible that the increased positive charge of the 
tetravalent ion provides enough electrophilicity to prevent bridging. To the best of this 
author’s knowledge, however, there is no published study systematically investigating the 
relationship between oxidation state of a metal center and the propensity of ligands to 
bridge them. 
 
 
Scheme 1.11. Three Ce(IV)(hfip) complexes 8 (left),208 10 (center), and 10 (right).136, 210 
 
The most symmetric of the three Ce(IV) complexes is [Ce(hfip)6]
2− (8).210 This ion 
crystallizes with two protonated pentamethyldiethylenetriamine (Hpmdien) cations in the 
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lattice, and has roughly octahedral symmetry about the Ce center. There are three pairs of 
ligands trans to each other, and each pair has a unqiue Ce–O distance: 2.183(5), 2.203(5), 
and 2.208(5) Å, respectively. Ligands trans to each other have O–Ce–O angles of 180°, 
and ligands cis to each other have O–Ce–O angles between 88.9(2)° and 91.1(2)°. Ce–O–
C angles are between 143.3(5)° and 156.5(5)°. The authors note that these Ce–O–C values 
are smaller than those observed in non-fluorinated alkoxides, due to the withdrawal of 
electron density at O by F reducing the ligand’s π-donating ability. The additional species 
[Ce(hfip)3(O
iPr)(pmdien)], [Ce(hfip)4(THF)2], and [Ce(hfip)4(L)] (where L = diglyme, 
bipy, TMEDA) were characterized by elemental analysis, IR spectroscopy, and 1H NMR 
spectroscopy, but no crystal structures of these complexes were reported at the time. 
However, the structures of both [Ce(hfip)4(diglyme)] (10) and 
[Ce(hfip)4(TMEDA)] (10) were published four years later.
136 As seen in Scheme 1.11., the 
six-coordinate 10 is less rigorously octahedral than the homoleptic species, with the 
chelating TMEDA ligand having a N–Ce–N bite angle of 69.6(3)°. The two hfip ligands 
opposite TMEDA have a O–Ce–O angle of 108.7(3)°. The authors hypothesize that Ce⋯F 
interactions from the axial ligands are responsible for this wide separation. The O–Ce–O 
angle between the two axial hfip ligands is 170.5(3)°, and one F atom on each ligand is 
3.754 Å from Ce. The Ce–O–C angles of the equatorial hfip groups are 166.5(7)°. The 
bond distances within the coordination sphere are asymmetric; both Ce–N bonds are 
2.624(7) Å, but each Ce–O bond trans to N is 2.115(5) Å while the Ce–O distances trans 
to each other are 2.152(6) Å. These data again suggest that there is a greater trans effect 
from an X-type ligand than an L one. 
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Complex 10 is seven-coordinate, but despite the increased coordination number, 
the Ce–Ohfip distances are comparable to those in 10: from 2.122(4) average in 10 to 
2.139(5) Å in 10. The axial O–Ce–O angle is 161.92(19), smaller than that observed in the 
TMEDA adduct. The Ce–O–C angles range from 149.4(5)°, which is comparable to 8, up 
to 174.2(5)°. This value is almost as large as would be expected in a non-fluorinated 
alkoxide,210 suggesting a shallow potential well for bending of these angles.  
Of the 25 {Ln(hfip)} complexes with more than one metal center, three are Ce(III) 
dimers.211-213 All are of the basic structure shown in Scheme 1.12.: two monodentate hfip 
ligands per metal, two μ2-hfip ligands, and two terminal coordination sites occupied by L-
type ligands. Key Ce–O bond distances are collected in Table 1.3.. The same motif is 
carried through the series [Ln(hfip)3(OH2)2]2, where Ln = Ce, Pr, Nd, Eu, Gd, Tb, Dy, Ho, 
Er, Tm, Yb, and Lu. A lanthanum derivative crystallized as a tetramer with two μ3 
hydroxides, six μ2-hfip, and one monodentate hfip plus one OH2 ligand on each La(III) 
center, forming [(H2O)2(hfip)2La2(μ-hfip)3(μ3-OH)]2.213 
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Scheme 1.12. Generic structure of Ce(III)(hfip) dimers with CSD reference codes 
KAKBAC (2L = phen), JUXMUM (2L = DME), and ERUKAF L = OH2), showing Ce-F 
interactions. 
 
Table 1.3. Comparison of key distances (Å) in complexes of hexafluoroisopropoxide 
(hfip). Listing of Ce⋯F distances is limited to those shorter than 4.6 Å (twice the sum of 
the ionic radii of F− and six-coordinate Ce(III)). Contacts that are identical for each Ce 
center have only been listed once. 
 [Ce(hfip)3(OH2)2]2 213 [Ce(hfip)3(glyme)]2 211 [Ce(hfip)3(phen)]2 212 
Ce–Ohfip 2.211(4) 2.2347(10) 2.2064(15) 
 2.212(4) 2.2041(12) 2.2340(15) 
 2.208(4)   
 2.228(4)   
    
Ce–μ2Ohfip 2.409(3) 2.4867(9) 2.4394(15) 
 2.431(4) 2.4293(11) 2.5294(15) 
 2.461(4)   
 2.488(4)   
   
Ce⋯F 2.959(3) 2.8708(10) 2.918(1) 
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Table 1.3 Continued   
 [Ce(hfip)3(OH2)2]2 213 [Ce(hfip)3(glyme)]2 211 [Ce(hfip)3(phen)]2 212 
 3.261(4) 3.381(1) 3.329(2) 
 3.309(3) 3.673(1) 3.839(1) 
 3.497(3) 3.912(1) 3.907(2) 
 3.872(4) 3.977(1) 4.015(1) 
 3.970(4) 4.060(1) 4.350(2) 
 4.043(5) 4.2792(9) 4.524(1) 
 4.058(4) 4.495(1)  
 4.079(4) 4.514(1)  
 4.103(6)   
 4.113(3)   
 4.137(4)   
 4.239(3)   
 4.342(4)   
 4.385(3)   
 4.408(3)   
 4.505(4)   
 4.513(3)   
 4.546(4)   
 4.560(4)   
 4.563(3)   
    
Ce⋯Ce 4.0052(6) 4.0642(1) 4.1304(5) 
 
The hfip ligand can also bind in a μ3 fashion, and the three different binding modes 
are all demonstrated in the crystal structure of the mixed-valent trinuclear cluster [Eu2+2(2-
hfip)3(3-hfip)2Eu3+(hfip)2(DME)2] (9, Figure 1.3.211 As with 5, Eu(II)–O distances are 
longer than Eu(III)–O (Table 1.4.). The two 3 oxygen atoms (O1 and O2 in Figure 1.3.) 
are positioned 1.375 and 1.366 Å from the {Eu3} plane, respectively. Internal angles of the 
triangle formed by the three Eu centers are 61.91(1)°, 59.14(1)°, and 58.95(1)°, with the 
widest being the Eu(II)–Eu(III)–Eu(II) angle. Eu–Eu distances are presented in Table 1.5., 
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alongside those in the Eu(perfluorophenolate) species 5, 6, and 7. Eu(II)–Eu(III) distances 
are consistent between the cluster and the mixed-valent dimer, but the Eu(II)–Eu(II) 
distance is 0.067 Å longer in the cluster than the trimer. Eu(II)–ODME distances in the 
cluster (2.631(5)-2.660(5) Å) are similar to those seen for the other complexes (2.638-
2.757 Å). All these distances are longer than the sums of the relevant atoms’ ionic radii.214, 
215 
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Figure 1.3. Core of the mixed-valent Eu(hfip) cluster 9 (JUWZOS), showing the three Eu 
atoms and O atoms from hfip ligands. Eu1 and Eu3 are divalent, and Eu2 is trivalent. C 
atoms, F atoms, H atoms, and DME molecules removed for clarity. 
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Table 1.4. Eu–O distances (Å) in the Eu(hfip) cluster [Eu2+2(2-hfip)3(3-
hfip)2Eu
3+(hfip)2(DME)2] (9).  
O Atom Eu1 (divalent) Eu3 (divalent) Eu2 (trivalent) 
O5 (monodentate)   2.167(4) 
O6 (monodentate)   2.160(4) 
    
O3 (2) 2.532(3)  2.331(4) 
O4 (2) 2.469(4) 2.472(3)  
O7 (2)  2.519(3) 2.333(4) 
    
O1 (3) 2.520(4) 2.738(4) 2.446(4) 
O2 (3) 2.740(4) 2.513(4) 2.437(4) 
 
Table 1.5. Eu–Eu distances (Å) in (DME)(OC6F5)2Eu(μ2-OC6F5)3Eu(DME)2 (5), 
(DME)2Eu(µ2-OC6F5)3Eu(µ2-OC6F5)3Eu(DME)2 (6), and [Eu
2+
2(2-hfip)3(3-
hfip)2Eu
3+(hfip)2(DME)2] cluster (9). 
Complex Eu(II)–Eu(II) Eu(II)–Eu(III) 
(DME)(OC6F5)2Eu(μ2-OC6F5)3Eu(DME)2 (5)  3.710 
   
(DME)2Eu(µ2-OC6F5)3Eu(µ2-OC6F5)3Eu(DME)2 (6) 3.753  
   
[Eu2+2(2-hfip)3(3-hfip)2Eu3+(hfip)2(DME)2] (9) 3.820 3.710 
  3.717 
 
In addition, each Eu(II) center in 9 has a close contact (2.676(3) and 2.699(3) Å, 
respectively) with an F atom from one of the 3-hfip ligands, and a slightly longer contact 
(2.893(3) and 2.919(3) Å) with another F atom from the opposing 3-hfip ligand. Together 
with the six Eu–O bonds, this results in a pseudo-eight-coordinate environment around the 
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divalent metal atoms. In contrast, the shortest Eu(III)⋯F distance is 3.688(6) Å, 
maintaining a coordination number of six. 
There are four more structurally characterized monometallic Ln species that feature 
monodentate alkoxide ligands other than perfluorophenolate or hfip. All four are of the 
formula [Ln(Me2NCH2CH2N{CH2-(2-OC6H2Bu
t
2-3,5)}2)(OCH2CF3)(THF)] (Ln = Y, Yb, 
Er, Sm), and were designed as catalysts for the independent polymerization of both lactide 
and butyrolactone.216 Each has one trifluoroethoxide ligand supported by a tetradentate 
amine-bridged phenolate and a THF molecule (Scheme 1.13.). The authors describe these 
four complexes as distorted octahedra with the THF and central N in the axial positions 
(OTHF–Ln–N = 168°). The alkoxide groups are slightly disordered by rotation about the 
Ln–O bond, which is consistent with the Ln–O–C angles shown in Table 1.6. Values below 
160° indicate reduced π-donation, allowing for ease of rotation around Ln–O bonds of 
primarily σ character.  
 
Scheme 1.13. Structure of [Ln(Me2NCH2CH2N{CH2-(2-OC6H2Bu
t
2-
3,5)}2)(OCH2CF3)(THF)] (Ln = Y, Yb, Er, Sm).
216 
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Table 1.6. Selected distances (Å) and angles (°) for the Ln(OCH2CF3) complexes in 
Scheme 1.13. 
 Y Sm Er Yb* 
Ln–ORF 2.08(2) 2.09(3) 2.08(2) 2.068(18) 
     
Ln⋯F 4.40(1) 4.40(2) 4.41(1) - 
 4.424(8) 4.40(3) 4.43(1) - 
 5.584(9) 5.61(2) 5.60(1) - 
    - 
Ln–O–C 157.(2) 159(3) 151.(2) - 
* 3D coordinates for [Yb(Me2NCH2CH2N{CH2-(2-OC6H2But2-3,5)}2)(OCH2CF3)(THF)] are not 
available on the CSD. 
 
Like hfip, trifluoro-t-butoxide has been shown to participate in 2 and 3 bridging 
interactions. All three binding modes are demonstrated in a trinuclear cluster of 
praseodymium (10) that is similar to 9 above.217-219 One Pr atom is six-coordinate with two 
ligands of each binding mode, while the two other Pr centers are five-coordinate and 
missing the second monodentate alkoxide (Figure 1.4.). In place of the sixth O-donor, there 
are Pr⋯F contacts of 2.756(12), 2.759(16), and 2.774(10) Å.219 Pr–O bond lengths, and 
Pr–O–C angles of the monodentate ligands, are shown in Table 1.7. Two of the four Pr–
O–C angles are greater than 170°, suggesting possible π-donation. The ligand on Pr3, in 
which the same angle is almost perfectly straight (179), also has a shorter Pr–O bond than 
the others do, consistent with increased bond order and the structural trends of the Eu 
complex 7. Although it is structurally similar to hfip, there are no other examples in the 
CSD of trifluoro-t-butoxide coordinated to a lanthanide. It is primarily found in complexes 
of tungsten220-222 and molybdenum,223-225 with some examples of other metals from the s-, 
p-, and d-blocks.140, 226-229  
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Figure 1.4. {Pr3O9} cluster core of the trifluoro-t-butoxide Pr complex 10 (PAJJOZ). C, 
F, and H atoms removed for clarity. 
 
 
 
 
 
33 
 
 
 
Table 1.7. Pr–O distances (Å) and Pr–O–C angles (°) of the monodentate ligands in 
[Pr2+2(2-hfip)3(3-hfip)2Pr3+(hfip)2(DME)2].219 
O Binding Mode Pr1 Pr2 Pr3 
Pr–O, Monodentate  2.141(12) 2.156(14) 2.112(12) 
  2.168(11)  
    
Pr–O–C  169 162 179 
  171  
    
Pr–O, 2 2.371(12) 2.459(11) 2.430(13) 
 2.408(12) 2.434(11) 2.400(13) 
    
Pr–O1, 3 2.407(10) 2.834(10) 2.474(10) 
    
Pr–O6, 3 2.627(11) 2.718(13) 2.438(10) 
 
The last monodentate ligand in this category is perfluoro-t-butoxide (pftb), as seen 
in [K(THF)][Eu(OC4F9)3(THF)3] (11). The two ligand types are each arranged in a fac 
orientation on the octahedral Eu(II) center, and the K+ ion is located in the center of the 
three perfluoro-t-butoxide (pftb) groups. It has contacts to the alkoxide O atoms (Table 
1.8.), relatively close compared to the mean K⋯O distance in the literature of 3.1(5) Å 
(based upon a survey of 2963 CSD entries for K⋯O contacts in non-polymeric structures). 
In addition, interactions with two F atoms from each alkoxide coordinate the K+ ion. These 
K⋯F interactions are also short compared to those in the literature (3.8(8) Å, based on 145 
CSD entries). The authors establish via 19F VT NMR that this complex retains its structure 
in THF solution, and can be considered heterobimetallic. However, the pftb groups are 
bound more like monodentate ligands than bridging ones; their Eu(II)–O distances are 
shorter than the known Eu(II)–2O bonds in 5 (Table 1.2.), and the Eu–O–C angles are 
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wider than would be expected for a fully bridging ligand (approximately 120° and 134° in 
9). 
 
Table 1.8. Distances (Å) in [Eu(OC4F9)3(THF)3][K(THF)] (12). This complex is the only 
example in the CSD of a lanthanide bound to pftb. Chapter 2 of this thesis introduces four 
more examples that are unpublished as of the time of this writing.230 
 Distance 
Eu–ORF 2.400(5) 
 2.384(5) 
 2.404(5) 
  
K⋯ORF 2.736(6) 
 2.769(6) 
 2.792(6) 
  
K⋯F 2.864(5) 
 2.951(5) 
 2.973(5) 
 2.924(5) 
 3.108(6) 
 2.858(6) 
 
1.2.2. Polydentate Alkoxides 
Only one fluorinated multidentate alkoxide ligand has been observed chelating to a 
mononuclear lanthanide: bidentate perfluoropinacolate. The reported structure212 featuring 
this ligand, [Ce(pinF)(HpinF)(phen)2], contains both the singly and doubly deprotonated 
forms ([HpinF]− and [pinF]2−, respectively), coordinated to a Ce(III) center along with two 
phenanthroline ligands (13, Scheme 1.14.). The monodentate form has a bonded Ce–O 
35 
 
 
 
distance of 2.258(3) Å, while the bidentate ligand Ce–O distances are 2.311(4) and 
2.344(4) Å. There is only a negligible difference in the bond lengths between the two 
tertiary C atoms in the backbone of the ligands: 1.573(9) Å for the bidentate form, and 
1.56(1) Å for the monodentate form. The Ce–O–C angles reflect the formation of a chelate 
ring. In [HpinF]−, the angle is 165°, on the larger end of the range observed in the other 
seven-coordinate Ce complex 10. In the bidentate [pinF]2−, one Ce–O–C angle is 117° and 
the other is 124°. One F atom of [pinF]2− is positioned 2.950(4) Å from the Ce center; the 
next shortest Ce⋯F distance is 3.462(6) Å between Ce and an F from the uncoordinated 
side of [Hpin.F]−. 
 
 
Scheme 1.14. The complex [Ce(pinF)(HpinF)(phen)2] (13). 
 
There are no other monometallic lanthanide complexes bound to multidentate 
alkoxides published in the CSD at the time of this writing. However, the Doerrer group has 
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synthesized a new series of rare earth molecules with the bidentate form of [pinF]2−, and 
these are reported in chapter 2 of this thesis. 
 
1.2.3. Diketonates 
As mentioned earlier, β-diketonate derivatives are extremely common in lanthanide 
chemistry. The fluorinated moieties hfac and tta (Scheme 1.4.) are frequently used to 
complete the coordination sphere of Ln centers coordinated to one or more other ligands 
that are the focus of the chemistry. There are 964 total hits in the CSD for non-polymeric 
complexes in which an hfac ligand is bound to a lanthanide center; of these, however, only 
16 unique structures are centered on cerium.231-244 The earliest of these, for which 3D 
coordinates are unfortunately not available, is the salt CsCe(hfac)4, published in 1970 as 
part of an examination of volatile rare earth chelates.231 More recently, adducts of the form 
[Ln(hfac)3Ln] (L = DME
238, 239 or diglyme,232-234 n = 1 or 2) have been synthesized as 
precursors to CVD. In other cases, the focus is on magnetism: clusters244 and complexes 
of radical ligands241, 242 were supported by hfac, along with a complex featuring 
ferromagnetic Ce-Cu coupling.240 When the four clusters and two Ce(IV) compounds are 
removed from the data set, the average Ce(III)–Ohfac distance is 2.48(3) Å. 
Despite the prevalence of {Ln(hfac)} complexes, versions where the single 
backbone hydrogen is replaced are rare: there are ten unique structurally characterized 
instances of perfluoroacetylacetonate,237, 245-247 six Eu(III) complexes with mono-
deuterated hfac (only one of which was crystallographically characterized),145 and one 
Ce(IV) complex where the methine H is replaced by Br.237 The subtle effects of these 
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perturbations on the Ln–O distances can be compared by examination of the three tris-
chelate species Eu(hfac)3(OPPh2tol)2 (14),
248
 Eu(hfac-D)3(OPPh3)2 (15),
145 and Eu(hfac-
F)3(OPPh3)2 (16),
245 as seen in Table 1.9. There is some asymmetry in the Eu–O distances 
from the same ligand, most notably in the fully-fluorinated species, which also has the 
widest range of values among its six. The deuterated and fluorinated moieties also have 
average Eu–O distances slightly longer than the unsubstituted hfac complex, but due to the 
less precise data available for Eu(hfac-D)3(OPPh3)2, any differences between the two 
substituted species are too small to discern. 
 
Table 1.9. Comparison of Eu–O distances (Å) in complexes of hfac, hfac-D,* and hfac-F. 
Ligand Eu(hfac)3(OPPh2tol)2248 
Eu(hfac-
D)3(OPPh3)2145 
Eu(hfac-
F)3(OPPh3)2.245 
hfac 1 2.40(1) 2.41 2.369(2) 
 2.40(1) 2.39 2.445(2) 
    
hfac 2 2.40(1) 2.44 2.428(2) 
 2.411(9) 2.42 2.429(1) 
    
hfac 3 2.41(1) 2.41 2.369(2) 
 2.42(1) 2.41 2.440(2) 
* In the absence of 3D coordinates for Eu(hfac-D)3(OPPh3)2in the CSD, values used are those 
reported in the paper. 
 
It is more common to see derivatized diketonate ligands with one trifluoromethyl 
group replaced by a different R group, such as thiophene249 (as in tta, Scheme 1.4.c), 
phenyl,250  or t-butyl.251 More complex diketonates can incorporate larger organic 
substituents, but they are not discussed further here.109, 252  
 
38 
 
 
 
1.2.4. Carboxylates 
Carboxylate derivatives can bind to metal centers in both mono- and bidentate 
fashions.253 The majority of Ln-carboxylate structures reported in the CSD are 
multinuclear254; there are only 28 monometallic lanthanide structures with at least one 
monodentate fluorinated carboxylate ligand structurally characterized to date. In some 
cases,254-258 the same type of carboxylate binds in both modes. An example is 
[Gd(O2CPh
F)2(OH2)6][O2CPh
F] (17, Scheme 1.15.), in which perfluorobenzoate (pfb) acts 
as a monodentate ligand, bidentate ligand, and a non-coordinated counterion. The structural 
parameters shown in Table 1.10. reflect the distinctions between the κ1 and κ2 modes of 
pfb. Although the range of O–C distances is narrow (0.014 Å between the shortest and 
longest interactions), Gd–O distances are ~0.1 Å longer in the bidentate form than the 
monodentate. The outer-sphere [pfb]− counterion has the largest difference in bond lengths 
between the central C atom and the O atoms, indicating a more localized negative charge 
on one sp3-hybridized O atom rather than a delocalized carboxylate group with two O–C 
bonds of order ~1.5. The Gd–O–C angle of ~150° in the κ1 ligand is consistent with those 
observed in 8, but those of the κ2 ligand are close to 90°, owing to the formation of a four-
membered ring, which is completed by the small O–Gd–O bite angle of 52°. Complex 17 
is one of a series of [Ln(pfb)n(H2O)x]
(3−n) molecules that demonstrate the effects of 
lanthanide contraction on the binding mode; with the exception of Lu, which uniquely 
favors κ2 coordination,254 smaller lanthanide ions tend towards monodentate ligands. 
Perfluorobenzoate also acts as a bridging ligand to form dimers with Ln atoms; examples 
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with Nd,255, 259 Eu,255, 260 Gd,255 Tb,261 and Yb262, 263 have been characterized, as well as a 
mixed Eu/Tb dimer.255 Bridging modes of carboxylate ligands are further discussed below. 
 
 
Scheme 1.15. Structure of [Gd(O2CPh
F)2(OH2)6][O2CPh
F] (18). 
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Table 1.10. Selected distances (Å) and angles (°) in [Gd(O2CPh
F)2(OH2)6][O2CPh
F] (17).  
 Bidentate pfb (κ2) 
Monodentate pfb 
(κ1) 
Counterion 
O–C 1.260 1.252 1.260 
 1.254 1.246 1.242 
    
Gd–O 2.497(1) 2.408(1) - 
 2.513(1) - - 
    
C–O–C 121.45 126.99 125.70 
    
Ln–O–C 93.42 149.81 - 
 93.02 - - 
 
Several derivatives of pfb, shown in Scheme 1.16., have also been explored for use 
as ligands for luminescent lanthanide molecules.264, 265 Variation of the p-substituent was 
shown to have a significant impact on the crystal packing of complexes with Eu, Gd, Tb, 
and Lu. Depending on recrystallization conditions, monomeric,264, 265 dimeric,264, 265 and 
polymeric264  species were all reported. The former group follows the same trends as the 
unsubstituted pfb-ligated complex 17 and its derivatives. The primary effect of this type of 
ligand modification, however, is adjustment of the photophysical properties of the 
complexes, which will be touched upon later in this chapter. 
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Scheme 1.16. Derivatives of perfluorobenzoate with differing para substitutions.264 
 
The other fluorinated carboxylate represented in the group is trifluoroacetate (tfa).6, 
158, 254-258, 264, 266-272 As with the simpler diketonates, tfa can be used as a co-ligand with 
larger, more complicated ligands. Scheme 1.17. shows a complex in which the 
photoisomerization of the azobenzene-derived ligand is of primary interest; the diketonate 
ligands act as antennae to promote luminescence when Ln = Eu, and the coordination 
sphere is completed with tfa to avoid energy loss.6 The overall geometry around the metal 
center is a monocapped twisted square antiprism. Two more examples, also centering on 
Eu, are shown in Scheme 1.18.. In these cases, the lanthanide’s coordination sphere is 
dominated by a bulky chelating ligand.269, 270 However, tfa is also seen in simpler species, 
such as [Eu(bpy)(tfa)3(OH2)3]
158, 266 and [Eu(tfa)2(OH2)6][(tfa)].
268 Eu–O and O–C 
distances in all five of these complexes are collected in Table 1.11., along with Eu–O–C 
angles, and highlight the flexibility of tfa even when only focusing on instances where it is 
monodentate. However, tfa can also bind in a 2 fashion, and can also bridge multiple metal 
centers. 
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Scheme 1.17. Structure of complexes where Ln = La, Eu, and Gd, and R = H or 
N(CH3)2.
6 
 
 
Scheme 1.18. Examples of tfa acting as a co-ligand in Eu complexes with 
phenanthroline-2,9-bis(diphenylphosphinoxide) (PnPPO, left)269 and tris(3-(2’-
pyridyl)pyrazolyl)borate (Tppy, right).270 
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Table 1.11. Selected distances (Å) and angles () in Eu complexes with trifluoroacetate 
ligand(s).  
Complex Eu–Otfa Otfa–C  Eu–Otfa–C Ref. 
[Eu(PBPM)(tfd)2(tfa)] 2.354(3) 1.230(5) 138.7(5) 
6 
  1.204(6)   
     
[Eu(Tppy)(tfa)2(OH2)] 
a 2.424(3) 1.265(5) 131.2(3) 270 
  1.237(4)   
 2.442(3) 1.252(5) 131.5(3)  
  1.230(6)   
     
[Eu(DPPO)(tfa)3(OH2)] 2.306(7) 1.25(1) 142.6(6) 
269 
  1.22(1)   
 2.319(5) 1.25(1) 174.9(6)  
  1.21(1)   
     
[Eu(bpy)(tfa)3(OH2)3] 2.464(5) 1.24(1) 135.8(5) 
266 
  1.247(9)   
 2.338(6) 1.25(1) 164.3(6)  
  1.21(1)   
 2.326(5) 1.25(1) 148.0(6)  
  1.22(1)   
     
[Eu(tfa)2(OH2)6][(tfa)] 2.362(2) 1.251(4) 135.8(2) 
268 
  1.237(4)   
 2.389(2) 1.246(4) 138.4(2)  
  1.242(4)   
a These values are from the less disordered of two crystallographically unique structures in the 
asymmetric unit. 
 
There are many examples of lanthanides bridged by fluorinated carboxylates.273-275 
Of 133 unique entries in the CSD containing the structural fragment of a fluorinated 
carboxylate connecting exactly two Ln centers, 53 are dimers with the fourfold motif of a 
“lantern” or “paddlewheel” complex (Scheme 1.19.). Of these, 17 have trifluoroacetate as 
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the bridge, with a further six276-278 being chlorodifluoroaceto versions. Another 25 of these 
structures feature benzoate derivatives; most are singly-fluorinated in either the ortho or 
para position,275, 279-289 but fluoromethyl-290 and methoxy-substituted291 versions have been 
reported, along with two 2-chloro-4,5-difluoro species292 and a perfluorinated one.260 There 
are also five lantern compounds with pentafluoropropionate as a backbone ligand.293-296 
 
 
Scheme 1.19. Core structure of the fourfold lantern motif. Other ligands may be bound in 
axial positions to one or both metals. 
 
In multimetallic structures, the carboxylate group can bridge in at least two ways: 
κ1 to each metal, as is seen in lantern complexes, or 2 to one metal center, with one O also 
bridging 2 to a second metal (Scheme 1.20.). The latter motif is primarily observed in 
lantern-like species, where two backbone ligands participate in the additional contact; for 
instance, connectivity data for pfb-ligated dimers of Gd264 and Tb265 have shown the 
presence of both types of bridging within the same complex. Some reported crystal 
structures show both a lantern and a pseudo-lantern within the same asymmetric unit, and 
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these provide a useful comparison. Figure 1.5. shows the core structures of a 2-
fluorobenzoate (2-fba)-bridged Gd dimer [(2-fba)(phen)(EtOH)Gd(2-
fba)4Gd(EtOH)(phen)(2-fba)][(2-fba)(phen)Gd(2-fba)4Gd(phen)(2-fba)] (19) that co-
crystalizes in this manner, and selected Gd–O distances are collected in Table 1.12..297 
Each trivalent Gd center is nine-coordinate in total, with an ionic radius of 1.103 Å297; the 
ionic radius of O2− is 1.35 Å in two-coordinate environments and 1.36 Å in three-coordinate 
environments.298 The data show that although the asymmetric carboxylate appears to be 
“bidentate” to one Gd center, the interaction is closer between the bridging O and the 
second Gd. In fact, the Gd2–O12A distance (Figure 1.5.) is the second shortest of all core 
Gd–O contacts. The great richness in carboxylate binding modes has been studied in detail 
in the transition metals.299  
 
 
Scheme 1.20. Bridging modes of carboxylate ligands. 
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Figure 1.5. Core structures of co-crystallized Gd lantern and pseudo-lantern, showing the 
O and central C atoms from the bridging 2-fluorobenzoate ligands.297 Other C atoms, 
terminal 2-fluorobenzoate groups, H atoms, and F atoms have been removed, and relative 
positions of the units have been adjusted for clarity. 
 
Table 1.12. Relevant intramolecular Gd–O distances (Å) in Figure 1.5. for [(2-
fba)(phen)(EtOH)Gd(2-fba)4Gd(EtOH)(phen)(2-fba)][(2-fba)(phen)Gd(2-
fba)4Gd(phen)(2-fba)] (HEDLOS). 
297 Crystallographically symmetrical distances have 
been omitted. 
O atom Gd1 
 
O atom Gd2 
O(1) 2.375(4)  O(10) 2.342(4) 
O(1A) 3.819(4)  O(10A) 3.752(4) 
O(2) 4.029(4)  O(11) 3.846(4) 
O(2A) 2.350(4)  O(11A) 2.371(5) 
O(5) 2.323(4)  O(12) 2.694(4) 
O(5A) 3.540(4)  O(12A) 2.332(4) 
O(6) 4.229(5)  O(13) 2.465(5) 
O(6A) 2.379(5)  O(13A) 4.453(4) 
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Most other examples of this μ2 bridging motif are benzoate derivatives288, 300-302 
including pentafluorobenzoate,255, 259, 261 ortho-fluorobenzoate,303 tetrafluorobenzoate,265 
and 4-amino-tetrafluorobenzoate.264 However, there are also mono-274 and 
difluoroacetate304 species, and one featuring 5-fluoronicotinic acid.272 
Trifluoroacetate has also been reported bridging metal centers in cubane-type 
clusters of the form [Ln4(μ3-OH)4(μ-tfa)4(hfac)4(phen)4] (Ln = La, Ce, Pr, Nd, Sm, Eu, Gd, 
Tb, Dy; Figure 1.6.).244 The core cubane structure is made of four Ln centers and four μ3-
OH groups. Four tfa ligands then bridge pairs of Ln atoms across faces of the cube, and 
each Ln is also chelated by one hfac and one phenanthroline ligand. With coordination 
numbers of nine, the Ln centers are sterically crowded, limiting any close contacts with F 
atoms; in the Ce species, for example, the shortest Ce⋯F distance is 4.875(6) Å. The effects 
of lanthanide contraction are evidenced by the decreasing distances of both Ln–OH and 
Ln–tfa, and by the fact that under the same synthetic conditions, the smaller elements Ho, 
Er, Tm, Yb, and Lu form dimers instead of cubanes. Tb and Dy, in the center of the range, 
can form both structures depending on the presence or absence of tfa.244 
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Figure 1.6. Structure of [Ce4(μ3-OH)4(μ-tfa)4(hfac)4(phen)4] (MIHHOD), with hydrogen 
atoms, phenanthrolines ligands and CF3 groups removed for clarity. Ce is shown in 
cream, O atoms in red, and C atoms in grey. Isostructural clusters were reported for La, 
Ce, Pr, Nd, Sm, Eu, Gd, Tb, and Dy.244 
 
 
1.3. Luminescence of Mononuclear Ln(ORF) Complexes 
1.3.1. Collected Luminescence Data 
The complexes discussed in section 1.2 were all chosen based on the availability of 
their 3D coordinates in the CSD.19 For this discussion of luminescence properties, only the 
references already discussed in section 1.2 were considered; additional monometallic 
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complexes reported in those papers have been included for completeness. Available 
photophysical data for these species are collected in Table 1.13.. 
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Table 1.13. Collected luminescence data for single-center lanthanide complexes with fluorinated alkoxide or carboxylate 
ligands. Values were taken directly from references when possible; “approximate” wavelengths are based upon spectra with no 
explicit values listed.  
Compound 
CSD 
Reference 
Code 
Phase 
State 
Major 
Absorbance 
Peaks (nm) 
Major 
Emission 
Peaks (nm) 
Lifetime 
(ms) 
Quantum 
Yield (%) 
Ref. 
[Ce(pinF)(HpinF)(phen)2]
 a KAKBEG MeCN 310 380   212 
        
[Nd(OC6F5)3(DME)2] YUBBAZ 
b 
397, 409, 433, 
469, 512, 559, 
611, 723, 773, 844 
928, 1059, 
1327, 1843 
0.17  206 
[Nd(OC6F5)3(phen)3] XOVGUM Solid  1060   9 
        
[Sm(OC6F5)3(phen)2(OH2)] HIMKIZ MeCN 266, 342 
405, 564, 
600, 645 
 0.9 152 
        
[Er(OC6F5)3]  MeCN 
261, 378, 512, 
740, 780 
400  1.0 152 
        
[Eu(OC6F5)3(Et2O)3]  MeCN 267, 340 405, 618  <0.01 152 
[Eu(OC6F5)3(phen)2(Et2O)]  MeCN 266, 340 415,618   152 
Eu(Tppy)(tfa)2(OH2)
 c JAPNAS Solid 254 
577, 589, 
618, 647, 695 
0.99 22(2) 270 
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Table 1.13 Continued        
Compound 
CSD 
Reference 
Code 
Phase 
State 
Major 
Absorbance 
Peaks (nm) 
Major 
Emission 
Peaks (nm) 
Lifetime 
(ms) 
Quantum 
Yield (%) 
Ref. 
Eu(Tppy)(OAc)2(OH2)
 c, d  Solid 254 
577, 589, 
618, 647, 695 
1.21 24(2) 270 
Eu(Tppy)(pfb)2(OH2)
 c  Solid 254 
577, 589, 
618, 647, 695 
0.74 17(2) 270 
Eu(Tppy)(O2CPh)2(OH2)
  c, d  Solid 254 
577, 589, 
618, 647, 695 
0.78 29(3) 270 
Eu(Tppy)(OAc)2(OH2)
  c, d  Solid 254 
577, 589, 
618, 647, 695 
1.21 24(2) 270 
[Eu(PBPM)(tfd)2(tfa)] 
e YAXYEE EtOH 330 
578, 590, 
614, 650 
 0.049 6 
  MeCN 330 
578, 590, 
614, 650 
 0.074 6 
[Eu(dmPBPM)(tfd)2(tfa)]
 f  EtOH 330 
578, 590, 
614, 650 
 0.028 6 
  MeCN 330 
578, 590, 
614, 650 
 0.034 6 
[Eu(DPPO)(tfa)3]
 g JALFAG Solid  
582, 595, 
619, 650, 
~700 
2.16 85 269 
[Eu(PnPPO)(tfa)3(OH2)]
 h  Solid  
582, 595, 
619, 650, 
~700 
1.84 ~30 269 
[Eu(pfb)3(OH2)]  Powder 280 
"typical" 
~590, ~610 
 15 255 
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Table 1.13 Continued        
Compound 
CSD 
Reference 
Code 
Phase 
State 
Major 
Absorbance 
Peaks (nm) 
Major 
Emission 
Peaks (nm) 
Lifetime 
(ms) 
Quantum 
Yield (%) 
Ref. 
[Eu(bpy)(tfa)3(OH2)3] GAMNUG01 Solid 365 
592, 594, 
613, 618, 623 
1.49  266 
[Eu(tfb)3(OH2)2]
 i  Powder  "typical" 0.63 6 265 
[Eu(tfb)3(phen)2]
 i  Powder  "typical" 1.00 45 265 
[Eu(tfb)3(Bphen)2]
 i, j  Powder  "typical" 1.61 45 265 
        
[Eu0.5Tb0.5(pfb)3(OH2)]  Powder  “typical”  29 255 
        
[Gd(pfb)2(OH2)6][(pfb)] FACKEC 
b 260 410, 490 0.01  255 
        
[Tb(OC6F5)3]  MeCN 266, 315 400  0.4 152 
[Tb(OC6F5)3(phen)2]  MeCN 264, 340 
415, 490, 
550, 590, 625 
 0.05 152 
[Tb(OC6F5)3(bpy)2]  MeCN 266, 315 
415, 490, 
550, 590, 625 
 0.1 152 
[Tb(OC6F5)3(phen)2]•[phen][DME] XOVHAT CHCl3  
"typical" 
~480, ~550, 
~580, ~640 
  9 
Tb(Tppy)(tfa)2(OH2)
 c  Solid 315 
487, 543, 
585, 619, 647 
1.42 42(4) 270 
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Table 1.13 Continued        
Compound 
CSD 
Reference 
Code 
Phase 
State 
Major 
Absorbance 
Peaks (nm) 
Major 
Emission 
Peaks (nm) 
Lifetime 
(ms) 
Quantum 
Yield (%) 
Ref. 
Tb(Tppy)(OAc)2(OH2)
  c, d  Solid 315 
487, 543, 
585, 619, 647 
1.37 43(4) 270 
Tb(Tppy)(pfb)2(OH2)
 c  Solid 315 
487, 543, 
585, 619, 647 
1.51 47(5) 270 
Tb(Tppy)(O2CPh)2(OH2)
 c, d  Solid 315 
487, 543, 
585, 619, 647 
1.30 50(5) 270 
[Tb(bpy)(tfa)3(OH2)3]  Solid 365 
641, 648, 
655, 667, 670 
1.1  266 
[Tb(pfb)3(OH2)]
  Powder  “typical”  39 255 
[Tb(tfb)3(OH2)2]
 h  Powder  "ionic"  13 265 
        
[Dy(OC6F5)3(phen)(Et2O)3]  MeCN 266, 327, 340 415  1.0 152 
        
[Er(OC6F5)3(Et2O)3] HIMKOF MeCN 
267, 379, 520, 
1450 
420  <0.05 152 
[Er(OC6F5)3(DME)2]
 YUBBED b 
406, 420, 448, 
495, 531, 584, 
694, 840 
1552 1  206 
        
[Tm(OC6F5)3(DME)2]  
b 355, 463, 684, 
786, 1382 
1458, 1759 
0.145, 
0.127 
 206 
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Table 1.13 Continued        
Compound 
CSD 
Reference 
Code 
Phase 
State 
Major 
Absorbance 
Peaks (nm) 
Major 
Emission 
Peaks (nm) 
Lifetime 
(ms) 
Quantum 
Yield (%) 
Ref. 
[Yb(tfb)3(phen)2]
 i PANPOM Powder  ~1000  k   264 
a pinF = perfluoropinacolate (see Chapter 2). 
b Unspecified. 
c Tppy = tris(3-(2′-pyridyl)pyrazolyl)borate). 
d Included for direct comparison to fluorinated counterpart. 
e PBPM = (E)-4-(phenyldiazenyl)-N,N-bis(pyridin-2-ylmethyl) benzohydrazide. 
f dmPBPM = (E)-4-((4-(dimethylamino)phenyl)diazenyl)-N,N-bis(pyridin-2-ylmethyl) benzohydrazide. 
g DPPO: 6,6′-bis(diphenylphosphinoyl)-2,2′-bipyridyl. 
h PnPPO = phenanthroline-2,9-bis(diphenylphosphinoxide). 
i tfb = tetrafluorobenzoate. 
j Bphen = bathophenanthroline. 
k Value estimated from a spectrum with no maxima explicitly labeled.
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As expected for f-block metals, there is little variation in the emission values among 
complexes of the same element. In fact, many species are simply reported as having spectra 
“typical” of the ion in question, with the primary discussion focusing on the quantum yield 
or lifetime rather than explicit emission wavelength. The largest discrepancies in Table 
1.13. are seen when the near-IR region, rather than UV/visible, is under study (e.g., 
[Er(OPhF)3] and derivatives).
152, 206 The clearest indicator of the effect of fluorination on 
the luminescence properties of complexes is seen in the series of Tb and Eu species where 
the carboxylate co-ligand is varied.270 Here, the emission wavelengths are all identical, and 
only the quantum yield is appreciably impacted. Unexpectedly, the fluorinated 
carboxylates tfa and pfb result in lower quantum yields than their counterparts acetate and 
benzoate. As discussed earlier, fluorination of ligands typically reduces vibrational energy 
loss, so the authors suggest that the change is due to less favorable positioning of ligand 
triplet state energy levels, which introduces the “possibility of significant energy back-
transfer” that results in increased non-radiative decay. This is a key factor that must be 
taken into account when designing photophysically active molecules. 
Unfortunately, these Tb and Eu species are the only ones in Table 1.13. that have 
direct non-fluorinated counterparts. When searching the CSD for non-polymeric structures 
containing Ln–OC6H5, there are only seven examples: [TmI2(OC6H5)(DME)2],305 
[K][Ce(OC6H5)(bis(dimethylamino)methyl-4-phenolate)3],
306 
[Sm(OC6H5)(Cp*)2(THF)],
307 the Nd cluster [K(THF)2][Nd3(OC6H5)10(THF)4],
308 
[Yb(OC6H5)(N‐(2‐phenoxyphenyl)‐N‐(trimethylsilyl)amine)2(THF)], 
[Na(DME)(HOC6H5)][Yb(OC6H2(2,4-
tBu)(6-CH2)2NCH2CH2NMe2)(OC6H5)],
309 and 
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[Na(DME)(HOC6H5)][Yb(OC6H2(2,4-
tBu)(6-CH2)2NCH2CH2OMe)(OC6H5)].
309 A 
similar search for Ln–OCH2C6H5 returns a further five hits: dimers of La,310 Sm,311 and 
Yb.311, 312 There are no direct analogs to any of the [OC6H5]
− or [OCH2C6H5]
− complexes 
in Table 1.13..310-313 
Lanthanide complexes with benzoate and acetate are more common, returning 90 
and 164 non-polymeric structures respectively when transition metals are excluded from 
the CSD search. However, the only non-fluorinated complexes directly comparable to the 
fluorinated ones in Table 1.13. are Eu(Tppy)(OAc)2(OH2), Eu(Tppy)(PhCO2)2(OH2), 
Tb(Tppy)(OAc)2(OH2), and Tb(Tppy)(PhCO2)2(OH2),270 as shown. 
 
1.4. Summary 
In examining the structures and luminescence of non-polymeric Ln(ORF) 
complexes, several areas of potential investigation become clear. While the currently extant 
structural data presents no surprises, a detailed, systematic examination of structure-
property relationships could flesh out understanding of the effect of ligand fluorination on 
Ln–O interactions. For example, there are few pairs of structurally characterized complexes 
that allow for direct comparison of fluorinated versus non-fluorinated species, such as the 
acetate/fluoroacetate complexes in Table 1.13.270 Rather than installing the same ligand on 
multiple lanthanides, as is common practice, it would be interesting to focus on a single 
lanthanide and coordinate it to iterations of one ligand with varying degrees of fluorination. 
Regiochemical variations, e.g., 2-fluorophenolate versus 3-fluorophenolate, might also be 
informative.  
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Not only are there few directly comparable pairs of fluorinated and non-fluorinated 
Ln complexes, the variety of fluorinated alkoxide ligands is also relatively small. This 
dearth of data limits understanding of the full effects of alkoxide fluorination on the 
photophysical properties of Ln-based small molecules. Currently, fluorination is employed 
to reduce vibrational energy loss. However, as was recently shown with complexes of Tb 
and Eu,270 it may be a tool to subtly tune the triplet state energies of ligands, and thus the 
quantum yield of the luminescence. It is also unclear whether the proximity of F to Ln has 
any quantifiable effect on either the absorption or emission, which might potentially be an 
avenue of control when designing new complexes. 
However, working with fluorinated alkoxides can present synthetic challenges 
because of their sensitivity to strong reducing agents, volatility in alcohol form, and lack 
of availability in some cases. In the absence of experimental data, computational 
techniques allow for the creation of fluorinated (and non-fluorinated) lanthanide complexes 
in silico. Electronic structure calculations on such a series could quantify the effects of 
increasing electron withdrawal on Ln–O interactions, and more thoroughly describe the 
bonding responsible for structural trends discussed in section 2.
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CHAPTER 2. Luminescence of Lanthanide Complexes with Perfluorinated 
Alkoxide Ligands 
2.1 Introduction 
As discussed in Chapter 1, lanthanide complexes with fluorinated diketonate 
ligands are common, but there are relatively few lanthanide complexes in the literature in 
which the only fluorination stems from fluorinated alkoxide ligands. The Doerrer group 
has added to the field by synthesis and characterization of a series of Ln complexes with 
the fluorinated alkoxide ligands [pinF]2− (perfluoropinacolate) and [OC4F9]
− as part of 
exclusively O-donor environments, namely [K(THF)6][Ln(OC4F9)4(THF)2] (Ln = Ce (20), 
Nd (21)), [K(THF)2][Ln(pin
F)2(THF)3] (Ln = Ce (22), Nd (23)), 
[K(THF)2][Ln(pin
F)2(THF)2] (Ln = Eu (24), Gd (25), Dy (26), Y (27)), and 
[K][Ln(OC4F9)4] (Ln = Eu (28), Gd (29), Dy (30)). Our group has previously used 
fluorinated alkoxides and aryloxides to produce a family148 of complexes including an 
unusual trivalent Cu species,150 three-,314 and four-coordinate148 transition metal monomers 
in exclusively O-donor environments, and rare high-spin square-planar metal centers.148, 
315, 316 To date, five 3d metals (Fe,314, 315, 317 Co,314, 318 Ni,319 Cu,150, 314, 318, 320-322 Zn314, 323) 
have been ligated with [pinF]2−, [OC4F9]
−, or both, and the thallium species Tl(OC4F9)
318 
has also been characterized. 
The Ce, Nd, Eu, and Dy species discussed herein are luminescent. In order to 
elucidate the electronic transitions of 20 and 22, which emit in unusually blue-shifted 
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frequencies compared to other Ce complexes in the literature (see Table 2.6), their 
absorption spectra have been simulated using time-dependent DFT (TD-DFT) techniques. 
While TD-DFT is commonly applied to complexes with elements from the s, p, and d 
blocks, there are few examples of absorption34, 324-342 or emission343-349 spectra of 
lanthanides simulated by TD-DFT. TD-DFT methods are often not suitable for situations 
in which f orbitals dominate, so calculations using multireference methods tend to provide 
better results.347 However, since Ce(III) only has one f electron, and its luminescence 
involves the d orbitals more heavily than other lanthanides, TD-DFT can provide accurate 
simulation of electronic transitions in these complexes. The use of multireference methods 
to simulate the emission spectra of 21, 23, 24, 28, and 30 is beyond the scope of this thesis. 
 
2.2. Experimental 
2.2.1. Materials and Methods 
The syntheses shown in Scheme 2.1 were performed by Jeremy E. Weber (BU ’16) 
and Dr. Christopher M. Kotyk (formerly of the Doerrer group, now at Wheaton College, 
MA). Luminescence measurements were taken by Dr. Jorge Montiero from the group of 
Professor Ana de Bettencourt-Dias at the University of Nevada, Reno. Mass spectrometry 
was performed by Marek Domin at Boston College. Additional computational work was 
performed by James McNeely at Boston University.230 
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Scheme 2.1. Syntheses of fluorinated lanthanide complexes. All procedures were 
conducted with rigorous exclusion of air and water using standard Schlenk line and 
glovebox techniques under a N2 atmosphere. 
 
2.2.2. Computational Studies. 
Single-point calculations and gas-phase geometry optimizations of the ground 
states of 20-24, 27, and 28 were performed at the BP86 level of theory with Gaussian16, 
Revision A.03.350 The 6-31G* basis set was used for H, C, O, F, and K atoms, and all 
lanthanides were treated by the Stuttgart RSC ANO/ECP basis set provided by Basis Set 
Exchange.351, 352 Yttrium was treated with the Stuttgart RSC 1997 ECP, also from the BSE. 
Starting coordinates for 20-24, 26 and 27 were obtained from crystal structures. Outer-
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sphere counter cations were removed from OC4F9-containing complexes, such that 
calculations were performed on gas-phase [Ln(OC4F9)4(THF)2]
− ions. Optimized 
coordinates for 21 were modified to be used as starting coordinates for 28, which is 
assumed to be of the same six-coordinate geometry despite lack of crystallographic data. 
ESI-MS data confirm the Ln:alkoxide ratio, but cannot observe neutral THF fragments. 
Time-dependent density functional theory (TD-DFT) calculations at the B3LYP 
level of theory were performed on 20, 22, 24, and the six-coordinate model of 28 
([Eu(OC4F9)2(THF)2]
−) using optimized gas-phase structures with Gaussian16. A frozen 
core of the inner noble gas electrons was used for all lanthanides to reduce computational 
time. Transitions were verified by performing stability analyses to ensure calculation of the 
lowest energy wavefunction. Additional analyses of the electronic structure and bonding 
were performed using GaussView 6,353 ChemCraft 1.8,354 and NBO 6.0355, 356 as 
implemented in the 2016 release of the Amsterdam Density Functional (ADF) program 
suite.357, 358 NBO calculations were performed at the B3LYP level of theory, using the 
QZ4P basis set for all rare earth metals, SZ for H, and DZ for other elements. Relativistic 
corrections were applied with the scalar zeroth-order regular approximation (ZORA). 
 
2.3. Results and Discussion 
2.3.1. Geometry Optimizations 
The monodentate OC4F9-containing complexes 20 and 21 are overall monoanionic 
and accompanied by a THF-coordinated potassium countercation, [K(THF)6]
+, in the outer 
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sphere. In contrast, for the bidentate pinF complexes 22-27, the potassium center exhibits 
long interactions with O and F atoms of the two pinF ligands as well as two THF molecules 
(Scheme 2.2). These types of interactions, in which F atoms demonstrate affinity for 
oxophilic metal centers, are commonly seen in fluorinated lanthanide complexes.8, 359, 360 
These interactions hold the pinF ligands in a rigid, asymmetric fashion, leaving an open site 
on the opposite side of the metal center where THF ligands can coordinate. Beginning from 
crystal coordinates and under the same computational parameters, if the counteraction unit 
is removed, the structure does not optimize to a local energy minimum. This suggests that 
the interactions of K with the O and F atoms may be necessary to attain stability of the 
complex. 
 
 
Scheme 2.2. Weak K–F and K–O interactions in 22. 
 
Cerium-containing 20 is six-coordinate, with pseudo-octahedral geometry at the 
metal center. The THF ligands are cis to each other, with both Ce–O bond lengths of 
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2.587(4) Å. The Ce–OC4F9 bonds have two distinct lengths: those trans to the THFs are 
2.275(4) Å long, while those trans to each other are slightly longer at 2.296(3) Å. The same 
type of symmetry, where there are three unique Ln–O lengths rather than six, is observed 
in the Nd complex 21. As discussed in Chapter 1, the shortening of ~0.3 Å compared to 
THF is due to the different interactions of anionic X-type ligands versus neutral L-type 
ligands.208 These values are consistent with the literature: in the group of eleven trivalent, 
monometallic {CeO6} structures found in the November 2018 release of the CSD, Ce–O 
distances range from a minimum of 2.208 Å361 to 2.652 Å,362 with a mean of 2.3(1)Å.361-
368 
The seven-coordinate 22, on the other hand, displays some asymmetry in the Ce–
THF distances. Two are similar at 2.576(4) and 2.573(3) Å, while the third is shorter, only 
2.518(3) Å. The Ce-pinF distances also show variation: the oxygens with contacts to K+ 
have longer Ce–O bonds (2.404(3) and 2.399(3) Å) than their counterparts (2.337(3) and 
2.349(3) Å). The deviation is also observed in the O–C bonds within the pinF ligand itself: 
1.364(5) and 1.358(6) Å versus 1.347(6) and 1.349(6) Å, respectively. The four O–K 
distances, however, are similar: 2.639(4) and 2.666(4) Å between K+ and THF, and 
2.637(3) and 2.632(3) Å between K+ and pinF. C–F distances within pinF vary between 
1.313(6) and 1.366(8) Å, but the differences in these lengths do not correlate to the F atom’s 
proximity to the K+ center. The asymmetry extends to angles as well: the O(pinF1)–Ce–
O(pinF2) angle on the “K-side” (highlighted in red in Scheme 2.2) is 74.68°, while the other 
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has an angle of 150.48°. In addition, the Ce–O–C angles are approximately 5 degrees 
smaller on the “K-side” of pinF than the other.  
The lanthanide contraction is observed in the composition of the Eu (24), Dy (26), 
and Gd (25) pinF complexes, which lack the third THF ligand present in 22 (Ce) and 23 
(Nd). Complex 27 (Y) displays the same coordination number, and can be included in an 
overall series of rare earth pinF species as a point of reference.298 Concomitant with the 
decrease in coordination is a change in Ln–pinF bond lengths.369, 370 Subtracting the ionic 
radius215 of each Ln(III) ion from its average Ln–O length gives “normalized” values, in a 
method inverse to that of using a constant ionic radius of O2− to study the ionic radii of the 
lanthanides.371, 372 This analysis shows that there is a distinct difference between the six- 
and seven-coordinate complexes, beyond the change in coordination number: the average 
Ln–pinF distances are ~0.04 Å longer for the smaller ions, despite the steric relief provided 
by removal of one THF ligand (Table 2.1). This increase is consistent with the rigidity of 
the molecular structure, as the bidentate nature of pinF, coupled with the bulk of the CF3 
groups and the interaction with K+, restricts its ability to find an energy minimum within 
the coordination environment. 
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Table 2.1. Normalization of Ln–O distances (Å) in crystal structures of pinF complexes, 
excluding Ln–THF contacts. 
Compound 
Coordinatio
n Number 
Ln(III) 
Ionic 
Radius215 
Avg. Ln–O 
Distance 
Normalized 
Ln–O 
Distance 
[K(THF)2][Ce(pinF)2(THF)3] 
(22) 
7 1.095 2.372 1.277 
[K(THF)2][Nd(pinF)2(THF)3] 
(23) 
7 1.067 2.340 1.273 
[K(THF)2][Eu(pinF)2(THF)2] 
(24) 
6 0.943 2.255 1.312 
[K(THF)2][Gd(pinF)2(THF)2] 
(25) 
6 0.929 2.244 1.315 
[K(THF)2][Dy(pinF)2(THF)2] 
(26) 
6 0.901 2.216 1.315 
 
Geometry-optimized gas-phase structures of compounds 20 and 22 show Ce–O 
distances all within 0.087 Å of the corresponding values in the crystal structures (Table 
2.2). The highest deviations are found in Ce–THF distances, while Ce–ORF contacts are 
reproduced to within 0.031 Å. The symmetry observed in 20 is preserved in the gas phase, 
with three distinct Ce–O distances rather than six. The same level of accuracy was obtained 
for 21 and 23, but in the case of 21, the symmetry was lost upon optimization. 
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Table 2.2. Geometry comparisons of crystal vs. optimized structures of 20-24 and 27. 
Compound 
Structural 
Parameter 
Crystal 
Structure 
Optimized 
Complex 
[K(THF)6][Ce(OC4F9)4(THF)2] (20) Ln–O (Å) 2.296(3) 2.312 
  2.275(4) 2.265 
  2.587(4) 2.674 
 RFO-Ln–ORF (deg) 78.1(2) 76.19 
  81.81(14) 80.26 
  82.94(14) 77.61 
  160.3(2) 151.78 
  165.40(15) 163.11 
  87.60(15) 86.93 
  97.96(17) 99.64 
  93.73(17) 96.45 
  106.8(2) 109.96 
  170.4(4) 172.35 
  169.7(4) 164.53 
[K(THF)2][Ce(pinF)2(THF)3] (22) Ln–K (Å) 4.1061(13) 4.104 
 Ln–O (Å) 2.404(3) 2.373 
  2.399(3) 2.372 
  2.337(3) 2.356 
  2.349(3) 2.357 
  2.518(3) 2.602 
  2.576(4) 2.646 
  2.573(3) 2.639 
 Ln-O-K (deg) 108.98(11) 108.78 
  109.31(11) 109.03 
 RFO-Ln-ORF (deg) 66.45(11) 66.79 
  66.10(11) 66.73 
 KO-Ln-OK (deg) 74.41(11) 75.26 
 Ln-O-C (deg) 120.7(3) 123.27 
  120.5(3) 123.28 
  126.1(3) 125.01 
  125.8(3) 124.85 
[K(THF)6][Nd(OC4F9)4(THF)2] (21) Ln–O (Å) 2.242(5) 2.240, 2.230 
  2.272(5) 2.289, 2.383 
  2.558(6) 2.619, 2.655 
 RFO-Ln-ORF (deg) 78.0(3) 75.67 
  88.4(2) 86.12, 88.80 
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Table 2.2 Continued    
Compound 
Structural 
Parameter 
Crystal 
Structure 
Optimized 
Complex 
  165.9(2) 161.77, 164.34 
  105.4(3) 109.37 
  98.1(2) 96.71, 96.62 
  93.9(2) 97.94, 96.62 
  83.3(2) 77.43, 78.29 
  81.2(2) 77.84, 82.15 
  160.1(3) 151.55 
 Ln-O-C (deg) 171.0(5) 170.58, 169.72 
  170.3(6) 162.44, 160.27 
[K(THF)2][Nd(pinF)2(THF)3] (23) Ln–K (Å) 4.1016(15) 4.133 
 Ln–O (Å) 2.370(3) 2.303 
  2.309(3) 2.321 
  2.369(3) 2.366 
  2.314(3) 2.309 
  2.516(4) 2.601 
  2.536(3) 2.610 
  2.495(3) 2.573 
 Ln-O-K (deg) 109.61(12) 110.74 
  110.18(12) 110.23 
 RFO-Ln-ORF (deg) 67.04(12) 67.45 
  66.91(12) 67.27 
 KO-Ln-OK (deg) 74.27(11) 73.73 
 Ln-O-C (deg) 125.4(3) 125.55 
  125.6(3) 125.39 
  120.8(3) 121.33 
  119.8(3) 121.50 
    
[K(THF)2][Eu(pinF)2(THF)2] (24) Ln–K (Å) 3.8860(14) 3.915 
 Ln–O (Å) 2.267(4) 2.231 
  2.222(4) 2.256 
  2.235(4) 2.255 
  2.413(4) 2.514 
  2.412(4) 2.567 
  2.293(4) 2.327 
 Ln-O-K (deg) 104.75(14) 102.05 
  103.32(13) 102.72 
 RFO-Ln-ORF (deg) 69.91(13) 69.54 
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Table 2.2 Continued    
Compound 
Structural 
Parameter 
Crystal 
Structure 
Optimized 
Complex 
  69.89(13) 69.64 
 KO-Ln-OK (deg) 80.18(13) 79.04 
 Ln-O-C (deg) 119.0(3) 117.82 
  116.4(3) 117.12 
  124.2(3) 124.47 
  122.9(3) 124.45 
[K(THF)2][Y(pinF)2(THF)2] (27) Y–K (Å) 3.881 3.874 
 Y–O (Å) 2.254(2) 2.257 
  2.234(2) 2.262 
  2.176(2) 2.190 
  2.352(2) 2.420 
  2.360(2) 2.449 
  2.185(2) 2.191 
 Y-O-K (deg) 103.41(8) 102.57 
  105.09(8) 102.13 
 RFO-Ln-ORF (deg) 71.22(8) 71.66 
  71.15(8) 71.55 
 KO-Y-OK (deg) 81.06(8) 79.77 
 Y-O-C (deg) 118.78(18) 117.56 
  123.98(18) 123.70 
  123.04(18) 123.72 
  116.18(18) 117.19 
 
Also maintained is the trend in “normalized” average Ln–pinF distances (Table 2.3). 
There is no increase between 22 and 23, but a jump of 0.079 Å between 23 and 24, which 
is twice that observed in the crystal structures. Gas-phase geometries were not obtained for 
25, 26, 29, or 30, owing to the increased computational expense incurred by the half-filled 
4f orbitals of Dy and Gd. 
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Table 2.3. Normalization of Ln–O distances (Å) in gas-phase optimized structures of 
pinF complexes, excluding Ln–THF contacts. 
Compound 
Coordination 
Number 
Ln(III) 
Ionic 
Radius215 
Avg. Ln–O 
Distance 
Normalized 
Ln–O 
Distance 
[K(THF)2][Ce(pinF)2(THF)3] 
(22) 
7 1.095 2.365 1.295 
[K(THF)2][Nd(pinF)2(THF)3] 
(23) 
7 1.067 2.341 1.295 
[K(THF)2][Eu(pinF)2(THF)2] 
(24) 
6 0.943 2.292 1.345 
 
2.3.2. Electronic Structure 
Ln–O interactions in the gas-phase optimized structures of 20-24, 27, and 28 were 
evaluated using both canonical orbital and NBO analyses, as well as two measures of bond 
order: Mayer (MBO) and Wiberg (WBO). As expected, MBOs are very small for Ln–THF 
interactions, below 0.15 for all complexes studied, and WBOs are similarly low. Ln–ORF 
contacts have higher bond orders, consistent with the difference in bond lengths seen in 
Table 2.2. There is asymmetry in the pinF ligands of 22, 23, 24, and 27, with Ln–μ2-O bond 
orders slightly but consistently lower than the others (Table 2.4). While this difference is 
reflected in bond lengths, there is no significant difference in the nature of the bonding, 
which is primarily ionic; despite the relatively high bond orders, there are no NBOs of Ln–
O bonding character, and neither 22 nor 24 have any occupied canonical MOs containing 
at least 5% of both Ln and OpinF character. 
 
70 
 
 
Table 2.4. Comparisons of Ln–O distance and bond order in gas-phase optimized 
structures of pinF species. 
Compound Bond 
Distance 
(Å) 
MBO WBO 
[K(THF)2][Ce(pin
F)2(THF)3] 
(22) 
Ce–OpinF 2.357 0.43 0.24 
  2.356 0.43 0.24 
 Ce–μ2-OpinF 2.372 0.37 0.23 
  2.373 0.36 0.23 
[K(THF)2][Nd(pin
F)2(THF)3] 
(23) 
Nd–OpinF 2.309 0.44 0.27 
  2.321 0.44 0.27 
 Nd–μ2-OpinF 2.366 0.35 0.25 
  2.371 0.35 0.25 
[K(THF)2][Eu(pin
F)2(THF)2] 
(24) 
Eu–OpinF 2.256 0.50 0.31 
  2.255 0.49 0.32 
 Eu–μ2-OpinF 2.329 0.40 0.29 
  2.327 0.39 0.29 
[K(THF)2][Y(pin
F)2(THF)2] (27) Y–OpinF 2.190 0.50 0.26 
  2.190 0.50 0.26 
 Y–μ2-OpinF 2.257 0.45 0.23 
  2.262 0.46 0.23 
 
Bond orders in [K(THF)2][Y(pin
F)2(THF)2] (27) are of similar magnitude to the 
lanthanides. However, as a 4d metal, Y has very little f contribution to the set of partially-
occupied, non-bonding NBOs observed in the frontier region of the molecular orbital 
manifold. In 20-24, the metal centers carry their unpaired electrons in f orbitals, with the 
empty valence orbitals being comprised of various combinations of s, p, d, and f character. 
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In 27, however, four of the six Lewis valence (LV) orbitals are >97% 4d composition, and 
the other two are mixes of 5s and 4d character (Table 2.5). 
 
Table 2.5. Atomic orbital contributions to partially-filled, non-bonding NBOs localized 
on Ln in 20-24, 27, and 28. 
Compound Orbital Occupancy % s % p % d % f 
20 300 0.05821 2.78 0.15 96.44 0.63 
 301 0.05545 0.00 0.72 98.09 1.19 
 302 0.05109 0.79 0.08 93.43 5.69 
 303 0.04509 0 0.40 84.94 14.65 
 304 0.04491 0.83 0.17 76.65 22.35 
 305 0.03763 78.36 2.07 2.60 16.97 
 306 0.01347 0.00 37.54 2.24 60.22 
 307 0.01127 0.00 31.67 19.27 49.05 
 308 0.01050 10.71 37.98 6.12 45.19 
 309 0.00517 0.00 23.25 4.53 72.21 
 310 0.00370 1.90 28.76 23.36 45.98 
 311 0.00155 3.88 8.75 12.87 74.49 
       
22 299 0.06851 3.40 0.12 87.74 8.74 
 300 0.06329 0.01 0.02 71.87 28.10 
 301 0.05945 0.51 0.20 79.88 19.41 
 302 0.05479 7.76 0.77 46.52 44.95 
 303 0.05319 0.00 0.09 91.53 8.38 
 304 0.04777 2.91 0.72 33.01 63.37 
 305 0.04089 60.06 1.50 6.58 31.87 
 306 0.01794 0.28 3.06 68.28 28.38 
 307 0.01346 0.80 10.84 34.33 54.03 
 308 0.01272 1.01 11.69 32.12 55.18 
 309 0.00514 1.77 12.99 40.90 44.33 
 310 0.00292 1.35 12.56 12.05 74.04 
       
21 299 0.05664 0.77 0.26 97.56 1.41 
 300 0.05609 0.00 0.95 93.4 5.65 
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 Table 2.5 Continued      
Compound Orbital Occupancy % s % p % d % f 
 301 0.04998 3.90 0.09 89.65 6.36 
 302 0.04413 9.08 0.40 69.6 20.92 
 303 0.04406 1.76 0.91 67.66 29.68 
 304 0.04306 66.76 2.29 4.95 26.00 
 305 0.01364 0.15 21.11 15.53 63.20 
 306 0.01226 2.24 14.09 44.84 38.83 
 307 0.01117 0.09 30.49 25.01 44.41 
 308 0.00710 6.78 27.29 28.4 37.53 
       
23 302 0.07150 3.63 0.24 80.39 15.74 
 303 0.06754 0.05 0.03 69.83 30.09 
 304 0.06213 0.04 0.09 85.57 14.30 
 305 0.06039 2.71 1.02 56.06 40.22 
 306 0.05763 0.00 0.10 88.21 11.69 
 307 0.04376 53.34 1.00 8.97 36.69 
 308 0.02138 0.00 1.66 50.18 48.16 
 309 0.01507 0.05 9.10 30.78 60.07 
 310 0.00510 0.50 19.07 21.66 58.76 
 311 0.00133 1.72 21.38 26.40 50.49 
       
28 302 0.08044 0.00 0.09 1.10 98.81 
 303 0.06081 0.70 0.05 98.09 1.16 
 304 0.05817 0.00 0.07 97.66 2.27 
 305 0.05284 7.66 0.01 89.79 2.55 
 306 0.04784 78.1 0.00 20.20 1.70 
 307 0.04501 8.94 0.02 80.63 10.41 
 308 0.04439 3.27 0.04 85.72 10.96 
       
24 285 0.07808 0.02 0.11 48.08 51.8 
 286 0.07235 2.21 0.02 88.76 9.01 
 287 0.06875 0.03 0.30 82.64 17.03 
 288 0.06674 0.39 0.45 91.46 7.70 
 289 0.05797 0.05 0.03 69.9 30.33 
 290 0.05060 1.68 0.12 53.91 44.29 
 291 0.04837 52.87 0.12 7.68 39.33 
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 Table 2.5. Continued      
Compound Orbital Occupancy % s % p % d % f 
27 270 0.14869 0.32 0.14 99.16 0.38 
 271 0.14759 1.92 0.32 97.43 0.33 
 272 0.14003 0.16 0.62 98.89 0.33 
 273 0.12875 0.01 0.43 99.29 0.27 
 274 0.10707 18.68 0.66 80.44 0.23 
 275 0.08515 76.90 0.69 21.98 0.42 
 
2.3.3. Luminescence and Electronic Transitions 
Complexes 20–24, 26, 28, and 30 are luminescent, but detailed TD-DFT analysis 
was performed only on the Ce(III) species 20 and 22, as DFT is better suited to treat the f 
→ d transitions than intraconfigurational f → f transitions. The involvement of cerium’s d 
orbitals gives rise to a wide variety of photophysical behavior in Ce(III) complexes 
depending on the nature of the ligands. Selected luminescence data of trivalent Ce 
complexes in the literature is presented in Table 2.6, which illustrates the range of emission 
frequencies accessible to Ce(III). It is notable that solid-state 
[K(THF)6][Ce(OC4F9)4(THF)2] (20) is the third most blue-shifted example of molecular 
Ce(III) luminescence as of 2018 with its highest-energy emission appearing at 357 nm. In 
a solution of THF, however, the highest-energy transition is redshifted to 406 nm. 
[K(THF)2][Ce(pin
F)2(THF)3] (22) shows a similar redshifting of its fluorescence when 
dissolved in THF. The absorption spectra for both compounds, shown in Figures 2.1 and 
2.7, were simulated in the optimized gas-phase geometry, without any additional solvent 
effects applied. 
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Table 2.6. Luminescence of Ce(III) complexes reported in the literature. 
Compound Phase State 
Highest Energy 
Absorbance 
(nm) 
Highest 
Energy 
Emission 
(nm) 
Lifetime 
(ns) 
Reference 
Ce(OSO2CF3)3 Solution (THF) - 330 25 373 
[CeCl6]− 
Solution 
(MeCN) 
329 356 - 344 
[K(THF)6][Ce(OC4F9)4(THF)2] 
(20) 
Solid 275 357 
30.6 ± 
0.1 
this work 
CeCl3 Solution (THF) 320 360 - 374 
[CeBr6]− 
Solution 
(MeCN) 
343 367 - 344 
CeI3(THF)x Solid - 374 33 373 
CeI3 Solution (THF) 300 377 36 374 
CeI3(THF)x Solution (THF) - 378 - 373 
[CeMe6]− Solution (Et2O) 340 380 - 374 
Ce(pinF)(HpinF)(phen)2 
Solution 
(MeCN) 
310 380 - 212 
[K(THF)2][Ce(pinF)2(THF)3] 
(22) 
Solid 281 405 5.0 ± 0.1 this work 
[K(THF)6][Ce(OC4F9)4(THF)2] 
(20) 
Solution (THF) 298 406 - this work 
Ce(Cp)3 Solution (THF) 340 408 - 374 
[Ce(Ph)4]− Solution (THF) 350 413 - 374 
CeI3(NCMe)x Solid - 413 34 373 
[Ce(CH3COO)(aip)(OH2)2] b Gel - 414  
375 
Ce(Cp)3(NCMe)2 Solution (THF) 340 421 - 374 
Ce(Im)3(ImH)•ImHa Solid (MOF) 366 422 - 376 
Ce(triPrNTB)b 
Solution 
(EtOH) 
289 440 - 377 
Ce(triAllNTB) b 
Solution 
(EtOH) 
288 440 - 377 
Ce(triEtNTB) b Solid 293 442 - 377 
Ce(triPrNTB) b Solid 293 442 - 377 
[Ce(1,2-chdc)(form)(OH2)]x b Solid (polymer) - 445  378 
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Table 2.6. Continued      
Compound Phase State 
Highest Energy 
Absorbance 
(nm) 
Highest 
Energy 
Emission 
(nm) 
Lifetime 
(ns) 
Reference 
[K(THF)2][Ce(pinF)2(THF)3] 
(22) 
Solution (THF) 322 452 - this work 
Ce(triAllNTB) b Solid 293 452 - 377 
Ce(Cp)3(THF) Solution (THF) 340 458 - 374 
Ce(gua)3 Solution (tol) 420 459 83 379 
[(Cp*)2(I)Ce(OC-
W)(CO)2(Cp)]− 
Solution (THF) - 460 - 373 
(Cp*)CeI2(THF)3 Solution (THF) - 465 116 373 
CeI2(Cp*)(THF)2 Solution (THF) 332 467 - 374 
(Cp*)CeI2(THF)4 Solid - 475 76 373 
(Cp*)CeCl2(THF)x Solution (THF) - 490 120 373 
[Ce(COT)2]− Solution (THF) 350 495 - 374 
[Ce(COT)2]− Solid - 502 150 373 
Ce(N(SiMe3)2)(gua)2 Solution (tol) 420 508 117 379 
[(Cp*)2CeCl2]− 
Solution 
(MeCN) 
- 510 151 373 
Ce(N(SiMe3)2)2(gua) Solution (tol) 420 518 65 379 
(Cp*)CeI2(NCMe)x Solid - 527 60 373 
(Cp*)2Ce(I)(NCMe)4 Solid - 535 - 373 
[Ce(Cp*)2Cl2]− Solution (THF) 315 538 174 374 
[(Cp*)2CeCl2]− Solution (THF) - 538 - 373 
(Cp*)2Ce(I)(NCMe)3 
Solution 
(MeCN) 
- 542 - 373 
[Ce(Cp*)2Me2]− Solution (THF) 375 544 - 374 
[C5H3(SiMe3)2]2(CeCl2)]− Solid - 547 130 373 
[(Cp*)2CeCl2]− Solid - 548 157 373 
(Cp*)2CeCl(THF) Solution (THF) - 550 136 373 
Ce(N(SiMe3)2)3 Solution (tol) 420 553 24 379 
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Table 2.6. Continued      
Compound Phase State 
Highest Energy 
Absorbance 
(nm) 
Highest 
Energy 
Emission 
(nm) 
Lifetime 
(ns) 
Reference 
[(Cp*)2CeI2]− Solution (THF) 485 (aprox) 560 175 373 
(Cp*)2CeI(THF) Solution (THF) - 560 175 373 
(Cp*)2CeI(THF) Solid - 560 181 373 
(Cp*)2Ce(I)(NCMe)2 Solution (THF) - 560 175 373 
[(Cp*)2CeI2]− Solid - 566 143 373 
[(Cp*)2CeI]x Solid (polymer) - 579 95 373 
a Im = imidazolate  b See reference for abbreviation 
 
An overlay of the solution-state, solid-state, and simulated gas-phase absorption 
spectra for complex 20 is presented in Figure 2.1. The clearly defined multiple peaks 
observed in the solution-phase data are not found in either the solid-state or calculated 
spectra, but the λmax determined by simulation is within 13 nm of both experimental values. 
Similar studies by the Schelter group on four other Ce(III) obtained agreement of 33 nm or 
less,349 indicating that the methods used here are of comparable accuracy. 
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Figure 2.1. Overlay of solution, solid-state, and simulated absorption spectra for 20. 
Calculated λmax at 289 nm. 
 
In the gas phase, three main transitions comprise the single broad peak, whose 
shape is defined as the sum of the Gaussian bands corresponding to each transition.380, 381 
The MOs contributing the most to each excited state (Figure 2.2) show that the donor 
orbital is, as expected, the HOMO, which is a well-behaved 4f orbital localized exclusively 
on Ce. Although the ligands play more of a role in the composition of the exited states, the 
primary contributors to the acceptor orbitals are still of majority Ce 5d character (Table 
2.7). 
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Figure 2.2. Absorption transitions for 20 and corresponding donor/acceptor orbitals. 
 
Table 2.7. Atomic orbital contributions to excited states in the Ce(III) f1-containing 
complexes 20 and 22, determined from the compositions and CI expansion coefficients of 
the dominant positive transitions in each case. Transition numbers are labeled in figures 
2.3, 2.4, 2.5, and 2.6. 
Compound Transition 
Acceptor 
MO 
CI 
Coefficient 
% Ce d in 
MO 
% Ce f in 
MO 
20 1 290 A 0.92747 72.99 - 
 2 291 A 0.96241 70.07 - 
 3 292 A 0.94035 73.52 - 
22 1 292 A 0.43868 40.88 - 
 2 296 A 0.40906 56.63 12.11 
 3 297 A 0.51404 27.97 - 
 4 298 A 0.90483 63.75 - 
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Good agreement with experiment (Δλmax = 5 nm for the peak in the visible range) 
was also found for the calculated absorption spectrum of 22 (Figure 2.7). As with 20, the 
HOMO is the donor. Only two transitions are found to contribute significantly to the peaks 
in the visible range (oscillator strengths f12 = 0.0055 at 310 nm and 0.0045 at 348 nm, 
Figure 2.8). Their excited states are of more complex parentage than those of 20, with more 
MOs of mixed Ce d and f character participating. All other transitions in this range are 
minor, with f12 ≤ 0.0002. Further into the UV, acceptor orbitals become more heavily f 
character. 
Figure 2.7. Overlay of solution, solid, and simulated absorption spectra for 22. 
Absorption maxima: 250 and 320 nm (solution); 281 and 320 nm (solid); 221 and 315 nm 
(calculated). 
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Figure 2.8. Absorption transitions for 22 and corresponding donor/acceptor orbitals. 
 
Photophysical analyses were attempted for 21, 23, 24, and 28, but as previously 
discussed, DFT reference methods tend not to treat f orbitals accurately when calculating 
UV/vis properties.382, 383 For example, while the simulated absorption spectra for the Eu 
complexes showed signals very similar to those seen in the solid state (Figure 2.9), the 
assigned transitions calculated by TD-DFT were unrealistic. The data suggested that the 
absorption peaks were due entirely to donation from the ligand O atoms into f orbitals on 
Eu. While LMCT in Eu complexes is common,384-393 the discrete signals observed 
experimentally correspond very well to the f→f transitions expected for other luminescent 
Eu species. Collaborator James McNeely performed the analysis with multireference 
methods instead, and the expected f→f transitions were assigned. Multireference work by 
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McNeely also produced simulated absorption spectra of the Nd (21, shown in Figure 2.10, 
and 23) and Dy (26 and 30) complexes,230 which were not obtained by DFT. 
 
 
Figure 2.9. Solid-state excitation (black) and TD-DFT simulated absorption (red) spectra 
for 24, with individual excitations shown in blue. Key excitations in the solid state appear 
at 395 and 464 nm, with corresponding simulated transitions appearing at 401 and 466 
nm. 
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Figure 2.10. Absorption spectrum of complex 21 as simulated by collaborator James 
McNeely with the ORCA394-exclusive multireference theory SORCI (spectroscopy-
oriented configuration interaction, top) compared to experimental data collected in 
solution (bottom). 
 
  
2.4. Conclusions. 
The Doerrer group has synthesized eleven new rare earth complexes featuring two 
different fluorinated alkoxide donors, [pinF]2− and [OC4F9]
−. Few such complexes have 
thus far been reported in the literature, and therefore the novel species and their electronic 
structures were examined by combined structural, spectroscopic, and computational 
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studies. All Ln(III) ions associate with four [OC4F9]
− ligands, and while only the larger 
ions Ce and Nd were shown crystallographically to also be coordinated by two THF 
molecules, it is expected that Eu, Dy, and Gd form six-coordinate structures as well. The 
larger radii of Ce and Nd also allow for them to form seven-coordinate structures with two 
bidentate [pinF]2− ligands and three THF ligands, while the smaller lanthanides (and the 
rare earth ion Y) fill their coordination spheres with only two THF ligands. In all cases, 
one O atom from each [pinF]2− ligand bridges between the Ln center and a charge-balancing 
[K(THF)2]
+ unit. Both canonical and NBO analyses, performed on geometry-optimized 
structures, confirm the primarily ionic nature of the Ln–O interactions. 
Luminescence data for complexes of Ce, Nd, Eu, and Dy were also collected, and 
the absorption spectra of cerium species [K(THF)6][Ce(OC4F9)4(THF)2] (20) and 
[K(THF)2][Ce(pin
F)2(THF)3] (22) were reproduced with good accuracy with TD-DFT. For 
both species, the donor orbital is a well-behaved f orbital localized on Ce, while the 
acceptor orbitals are of primarily Ce d character. TD-DFT is not a suitable method to 
investigate the photophysical properties of the other lanthanides, however; instead, 
multireference techniques employed by collaborator James McNeely present a potential 
direction for future computational analysis.  
Synthetically, it would be interesting to remove THF from the reactions to see if 
the emission wavelengths of the complexes are further blue-shifted. More Ln(III) ions may 
also be ligated with [pinF]2− and [OC4F9]
−, to flesh out the series and allow for more detailed 
consideration of the effects of lanthanide contraction.
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CHAPTER 3. Electronic Structure of Tin Complexes with the [pinF]2− Ligand 
3.1 Introduction 
Tin, as an essential component of the Bronze Age, is one of the most 
technologically important metals in human history.395 Over the millennia, the applications 
of metallic tin and its alloys have evolved from the smithing of crude tools and weapons to 
include glassmaking, food preservation, and electronics manufacturing. Solder for circuitry 
is currently the single greatest use of tin, accounting for around 40% of worldwide 
consumption.396-398 The chemical industry consumes about 14% of annual tin production, 
which primarily sees application as a stabilizer for polyvinyl chloride (PVC) products, or 
as polymerization catalysts.396, 399 Sn(IV) is more frequently employed in catalysis than 
Sn(II),400, 401 although the important Mukaiyama aldol reaction was originally developed 
with Sn(II) triflate as a mediator.402-407 Forty years of development have since led to a 
diverse field of other catalysts for asymmetric synthesis,408-411 but Sn(II) species are still 
commonly used as reducing agents400, 412 and precursors for materials synthesis.413-416  
Elemental tin has the electron configuration [Kr]4d105s25p2. Upon oxidation to 
Sn(II), the 5p orbitals are vacated; it is these p orbitals that are primarily involved in 
bonding, while the lone pair has high s character and is mostly inert. This is a state common 
to the “heavier carbenes,” also known as “metallylenes”; i.e., those in which the role of the 
central carbon of a carbene is filled by the heavier group 14 elements Si, Ge, Sn, or Pb. 
These elements are less prone to hybridization of their valence orbitals than carbon,399, 417 
and thus their valence p orbitals remain empty and will readily accept incoming electrons. 
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Stabilization of these highly reactive systems can be afforded by the donation of electron 
density from neighboring atoms into the empty p orbital of the divalent metal center, a type 
of mesomeric effect (Scheme 3.1), and by the use of a sterically bulky system to prevent 
or control the approach of Lewis bases.417-421 
 
         
Scheme 3.1. Mesomeric effect stabilizing the empty p orbital of a generic N-heterocyclic 
metallylene (left), where M = Si, Ge, Sn, or Pb, versus an N-heterocyclic carbene (NHC, 
right). Diagram adapted from Mizuhata et al. 2009417 and Schwarz et al. 2018.421 
 
Of particular note are Lappert’s stannylene422 and its related complexes (Scheme 
3.2).423-427 While Sn(II) centers are typically Lewis acidic, several stannylene compounds 
have been shown to act in an amphiphilic428 or Lewis basic manner depending on the 
substituents. For example, the original Lappert’s stannylene Sn{CH[Si(CH3)3]2}2 forms 
dimers in which two Sn(II) atoms each donate their s lone pair into the other’s empty p 
orbital, assuming a “trans-bent” configuration with two dative bonds (Scheme 3.3).427, 429, 
430 It has also been shown that when a sufficiently donating Lewis base is coordinated to 
the metal, Sn(II) can in turn donate its lone pair to a neighboring complex, forming a head-
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to-tail donor-acceptor system.431-436 This tactic can be used to stabilize metal clusters433 or 
trap highly reactive species.437 
 
                            
 
Scheme 3.2. The original Lappert stannylene, left,422 and selected analogs.438, 439 
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Scheme 3.3. Double dative interactions between Sn(II) centers in a stannylene dimer. 
 
Organotin complexes – those which contain direct Sn–C bonds – have been the 
subject of more research activity than those without them. There are 9368 total entries in 
the February 2019 edition of the Cambridge Structural Database (CSD)19 for non-
polymeric organotin structures, as opposed to 3865 entries for other Sn complexes. 
Frequently seen among mixed-donor Sn(II) complexes is a four-coordinate, distorted 
square pyramidal configuration, in which the metal atom occupies the apex of the pyramid. 
The metal’s lone pair occupies a fifth coordination site, and is sterically exposed.440-444 The 
coordination environment around the metal center may alternatively be described as a 
distorted trigonal bipyramid, with the lone pair in an equatorial position and an axial E–
Sn–E angle of less than 180°. Often, the metal center will be chelated by two mono-anionic 
ligands with one X-type and one L-type donor each (Scheme 3.4).208, 445-450 Another 
common motif features a tridentate di-anionic ligand with two X-type donors and an L-
type atom in the backbone that can donate into the metal center, with a small L-type ligand 
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(or Lewis acid431-436) completing the coordination sphere.451 This type of tridentate ligand 
can also promote dimer formation depending on the steric bulk of the backbone.451-454 
Complexes with multi-anionic ligands are not commonly seen in the Sn(II) literature; most 
of those that have been reported are dimers, polymers, or clusters, and overall neutral.455-
458 An exception is the corrole complex shown in Scheme 3.5.459 Other coordination 
environments are more likely to promote the formation of charged species of divalent tin; 
examples include the three-coordinate complex [Sn(OC4F9)3]
−, which has been reported 
and crystallized with several counterions,460 and [SnCl3]
–, which has been used in ionic 
liquids461, 462 and to stabilize five-coordinate platinum.463, 464 
 
 
Scheme 3.4. Environment around a four-coordinate Sn(II) center, in distorted square 
pyramidal (left) and distorted trigonal bipyramidal (right) orientations. Curved lines 
represent the backbones of the chelating ligands. 
 
89 
 
 
 
Scheme 3.5. Structure of the [Sn(tris(pentafluorophenyl)corrole)]− ion.459 
 
Presented in this chapter are two new Sn complexes, both featuring the fluorinated 
alkoxide ligand [pinF]2−. One of these is a rare example of a di-anionic, four-coordinate 
Sn(II) complex, and the symmetry of the [pinF]2− ligand provides a unique opportunity to 
study the coordination environment without the asymmetry and variable influences of X-
type versus L-type donor atoms.  
 
3.2 Experimental 
3.2.1. Materials and Methods 
All syntheses were performed by Jessica K. Elinburg of the Doerrer group, as 
shown in Scheme 3.6. The Sn(II) complex [K]2[Sn(pin
F)2] (31) was prepared by metathesis 
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with KHpinF under an N2 atmosphere in a glovebox. Sn(IV) complex [K]2[Sn(pin
F)3] 32 
was prepared with H2pin
F under air in an autoclave. Modification of the base in these 
syntheses resulted in the derivatives [K(15C5)2]2[Sn(pin
F)2] (33), [K(18C6)]2[Sn(pin
F)3] 
(34), and [Et3NH]2[Sn(pin
F)3] (35). X-ray crystallographic analysis was performed by 
Professor Arnold Rheingold at the University of California-San Diego. 
 
Scheme 3.6. Synthetic procedures for 31-35. 
 
3.2.2. Computational Studies 
Gas-phase geometry optimizations were performed at the B3LYP level of theory 
with Gaussian16, Revision A.03.350 The 6-311++G basis set was used for H, C, O, F, and 
K atoms, and Sn was treated with a Def2-TZVPPD/ECP-28 basis.465 Starting coordinates 
for all complexes were obtained from crystal structures, except for hypothetical adducts of 
31, which were created using the 2016 release of the Amsterdam Density Functional (ADF) 
program suite357, 358 by manually constructing small molecules and positioning them 
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adjacent to the optimized gas-phase structure of 31. Solvent effects of dichloromethane 
were simulated with the integral equation formalism variant of the Polarizable Continuum 
Model (IEFPCM). 
Natural Bond Orbital (NBO) analysis was carried out on gas-phase optimized 
structures with the NBO 6.0 package356 and Bader analysis466, 467 as implemented ADF.357, 
358 The PBE level of theory was used, and no solvent effects were applied. Sn atoms were 
treated with the all-electron QZ4P basis set and scalar zeroth-order regular approximation 
(ZORA) relativistic corrections as implemented by ADF.468  The SZ basis set was used for 
H, and DZ for all other elements.469 All canonical molecular orbital analysis was performed 
on ADF output from these single-point calculations as well. 
 
3.3. Results and Discussion 
3.3.1. Structure 
As a consequence of the recrystallization conditions, 31 crystallizes with one THF 
molecule associated with each K+ ion, and these [K(THF)] units were included in the 
calculations (Figure 3.1). Similar to the [Ln(pinF)2]
− species described in Chapter 2, the K+ 
ions are both associated with the ligand O atoms, and stabilized by K…F interactions as 
evidenced by distances of 2.801 – 3.410 Å between each K+ and its four nearest neighbors 
(Table 3.1). The core of the Sn(II) complex 31 adopts a distorted disphenoidal 
configuration, in which the two Sn–O bonds of each pinF ligand are non-equivalent, and 
the Sn atom occupies the apex of the resulting pyramid-like structure (Figure 3.1, Scheme 
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3.4). This geometry is consistent with the literature,208, 440-450 and can also be described as 
a trigonal bipyramid with the lone pair occupying an equatorial position. In the crystal 
structure there is a C2 rotation axis around the Sn center; this symmetry is lost upon 
optimization, but the distortion is small, with differences of 0.005 Å or less between 
otherwise symmetrical pairs of bonds in the core of the structure. 
 
 
Figure 3.1. Wire-frame view of the optimized structure of 31. Hydrogen atoms removed 
for clarity. Green, red, and gray spheres indicate Sn, O, and K atoms respectively. 
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Table 3.1. K…F distances in the crystal and optimized structures (Å) of 31 and 32. 
Complex Crystal Gas Phase 
[K]2[Sn(pin
F)2] (31) 2.749(2) 2.933 
 2.801(2) 2.940 
 2.941(3) 2.997 
 2.958(2) 3.027 
 2.976(2) 3.028 
 3.202(2) 3.064 
   
[K]2[Sn(pin
F)3] (32) 2.996(3) 3.163 
 3.109(3) 3.222 
 3.180(3) 3.332 
 
The gas-phase optimized structure of 31 has Sn–O distances ~0.2 Å longer than the 
solid state (Table 3.2). There are two distinct lengths of Sn–O interactions; the differences 
are consistent with those seen in the literature when comparing X- versus L-type 
coordination of oxygen to an Sn(II) center. The latter, such as that found in the sandwich 
complex [Sn(15-crown-5)2]
2−, can be as long as 2.589(5) - 2.856(5) Å,470 while anionic 
ligands like alkoxides can approach within 1.995(4) Å of the metal ion.471 There is some 
overlap of these ranges, though, which is heavily dependent on the steric environment 
around Sn.412 The asymmetry in 31 implies that two of the ligand O atoms are donating 
less electron density than the others, even though the [pinF]2− ligand is itself symmetric. 
The nature of the Sn–O bonds in both 31 and 32 will be discussed in more detail later in 
this chapter.  
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Table 3.2. Key distances and angles in the crystal and gas-phase optimized structures of 
31. 
 Crystal Structure Gas-Phase Optimized 
Sn–O (Å) 2.132(2) 2.202 
 2.298(2) 2.314 
 2.132(2) 2.197 
 2.298(2) 2.314 
   
O–C (Å) 1.368(4) 1.358 
 1.368(4) 1.345 
 1.368(4) 1.358 
 1.368(4) 1.344 
   
C–C (Å) 1.650 1.686 
(pinF backbone) 1.650 1.686 
   
O–Sn–O (°) 72.99(8) 71.71 
(pinF bite) 72.99(8) 71.35 
   
O–Sn–O (°) 99.35(12) 103.39 
(trans) 141.85(12) 137.99 
   
O–Sn–O (°) 82.50(8) 82.81 
(cis) 82.51(8) 83.05 
   
Sn–O–C (°) 122.9(2) 122.82 
 111.80(19) 113.61 
 111.80(19) 113.93 
 122.9(2) 122.83 
 
Within the [pinF]2− ligands themselves, the optimized structure of 31 contains 
shorter O–C bonds (by 0.01-0.025 Å) than in the solid state, but the C–C bond in the 
backbone of the pinF ligands lengthens by 0.036 Å. While the distances in the crystal 
structure of 31 are comparable to other [M(pinF)2]
2− species prepared by the Doerrer 
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group,148 in the gas phase, the C–C bonds range from 0.018 – 0.100 Å longer (Table 3.3). 
These values are up to 0.146 Å longer than the “standard” 1.54 Å C–C single bond found 
in ethane,472 but consistent with some other characterized complexes featuring a bidentate 
alkoxide ligand forming a five-membered ring with a Lewis acid (Scheme 3.7).408, 473, 474 
Similar lengthening of the C–C bond was also observed in the geometry-optimized 
structures of the [pinF]2− species reported in Chapter 2 of this thesis. Furthermore, bond 
order analysis using the Mayer (MBO), Wiberg (WBO), and Natural Binding (NBI) indices 
found that the C–C interactions in the backbones of the [pinF]2− ligands have bond orders 
of slightly less than 1. However, no appreciable changes were observed in the bond orders 
(Table 3.4) or natural populations of the backbone carbons upon optimization. 
 
 
Scheme 3.7. Selected examples of bidentate alkoxide ligands chelated to Lewis acids.474-
476 
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Table 3.3. Comparison of [pinF]2− bond lengths (Å) among complexes of the form 
A2[M(pin
F)]2, where A is a counter-cation.  
M = τ4 τ4′ O–C 
Backbone C–
C 
Reference 
Mn 0.43 0.43 1.3557(17) 1.670(2) Unpublished 
A = [Me4N]
+   1.3557(17)  results 
      
Fe 0 0 1.356(2) 1.653(4) 148 
A = [Me4N]
+   1.356(2)   
      
Co 0.03 0.03 1.3651(18) 1.651(2) 148 
A = [nBu4N]
+   1.3649(18)   
      
Ni 0 0 1.3677(17) 1.620(2) 148 
A= [K(DME)]+   1.3637(17)   
      
Cu 0 0 1.368(3) 1.654(3) 148 
A = [K]+   1.364(3)   
      
Zn 0.83 0.82 1.372(2) 1.650(3) 148 
A = [K]+   1.373(2) 1.657(3)  
   1.357(2)   
   1.375(2)   
      
Zn 0.62 0.62 1.370(6) 1.644(11) 315 
A= [K(DME)]+   1.346(7) 1.586(14)  
      
Sn (crystal) 0.84 0.71 1.368(4) 1.651(5) this work 
A = [K]+   1.368(4)   
      
Sn (gas phase) 0.84 0.73 1.358 1.686 this work 
A = [K]+   1.345 1.686  
   1.358   
   1.344   
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Table 3.4. Bond orders, in three indices, of selected interactions in the crystal and gas-
phase optimized structures of 31. 
 Crystal Structure Gas-Phase Optimized 
 MBO WBO NBI MBO WBO NBI 
Sn–O (Å) 0.48 0.33 0.57 0.46 0.30 0.55 
 0.42 0.26 0.51 0.42 0.26 0.51 
 0.42 0.26 0.51 0.42 0.26 0.51 
 0.48 0.33 0.57 0.47 0.31 0.55 
       
O–C (Å) 1.16 1.02 1.01 1.17 1.08 1.04 
(pinF) 1.21 1.06 1.03 1.20 1.04 1.02 
 1.21 1.06 1.03 1.20 1.08 1.04 
 1.16 1.02 1.01 1.17 1.04 1.02 
       
C–C (Å) 0.79 0.84 0.92 0.77 0.82 0.91 
(backbone) 0.79 0.84 0.92 0.76 0.82 0.90 
 
Complex 32 is six-coordinate, and if the counterions and CF3 groups are 
discounted, there is approximately D3 symmetry around Sn(IV). The most common 
geometry for six-coordinate metal centers, including Sn, is octahedral,477-482 but the [pinF]2− 
ligands of 32 are twisted by approximately 30° such that 32 lies halfway between an 
octahedral and a trigonal prismatic geometry (Scheme 3.8, Figure 3.2).481 This structure is 
rare in the literature; a CSD search for single-center {SnO6} complexes produced 26 unique 
entries,482-494 only one of which485 featured the distinct twist away from octahedral. 
Similarly to 32, the reported complex (shown in Scheme 3.9) is homoleptic with three 
bidentate O-donor ligands.485 The authors attribute its distortion away from octahedral to 
“the action of the counterion,” which in their case are bulky, tris-bidentate transition metal 
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Figure 3.2. View down the triangular face of 32 in the (left) crystal structure and (right) 
geometry optimized structure. K and F atoms removed for clarity. 
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complexes. They also observed that a solvent molecule could approach the Sn(IV) center 
to make a seven-coordinate complex. 
 
 
Scheme 3.8. Azimuthal angles in six-coordinate complexes showing (left) trigonal 
prismatic, (right) octahedral, and (center) intermediate geometries, viewed from down the 
C3 axis. Diagram adapted from Kubow et al., 1996.481 
 
Figure 3.2. View down the triangular face of 32 in the (left) crystal structure and (right) 
geometry optimized structure. K and F atoms removed for clarity. 
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Figure 3.2. View down the triangular face of 32 in the (left) crystal structure and (right) 
geometry optimized structure. K and F atoms removed for clarity. 
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Scheme 3.9. Structure of [Sn(3,6-(tBu)2-o-C6H2)3][Co(3,6-(
tBu)2-o-C6H2)(bpy)2]. When 
the counterion is centered on Ni(II), the [3,6-(tBu)2-o-C6H2]
− ligand is a radical.485 
 
In contrast, however, the twist seen in 32 is maintained in 34 and 35 when the 
countercation is modified, suggesting that the ligand rather than the counterion is 
responsible for the geometry. In particular, the [Et3NH]
+ groups of 35 are far from the 
Sn(IV) center, yet the distortion is the same as in 32, in which the K+ countercations directly 
interact with one O atom from each ligand, capping the trigonal faces of the complex. K…F 
interactions are also present, which are overall comparable to the range of K…F bonds 
reported in the CSD (Table 3.1, Figure 3.3). The K…Sn distances are unusually short at 
3.648 Å; only 44 crystal structures have contacts shorter than 4 Å, and most feature low-
valent tin centers.495-524 Despite all these points of contact, when the K+ atoms are removed, 
a twist of ~24° remains in the optimized structure of [Sn(pinF)3]
2−, further confirming that 
this distortion is inherent to the complex rather than enforced by the presence of a 
counterion. 
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Figure 3.3. Histogram showing distribution of K…F distances found in 105 crystal 
structures in the CSD. 
 
As with 31, the Sn–O and backbone C–C distances in 32 are longer, and O–C bonds 
shorter, in the gas phase than in the crystal structure (Table 3.5). The near-equivalence of 
the three [pinF]2− ligands is retained upon optimization, in both distances and bond orders 
(Table 3.6). Further discussion of the electronic structures is presented later in this chapter.  
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Table 3.5. Key distances (Å) and angles () in the crystal and gas-phase optimized 
structures of 32. 
 Crystal Structure 
Gas-Phase 
Optimized 
Sn–O 2.041(3) 2.074 
 2.041(3) 2.074 
 2.039(2) 2.079 
 2.047(3) 2.078 
 2.039(2) 2.078 
 2.047(3) 2.079 
   
O–C 1.376(4) 1.368 
 1.376(4) 1.368 
 1.377(5) 1.368 
 1.373(4) 1.368 
 1.377(5) 1.368 
 1.373(4) 1.368 
   
C–C 1.648(8) 1.688 
(pinF backbone) 1.635(5) 1.685 
 1.635(5) 1.685 
   
O–Sn–O 79.25(15) 78.08 
(pinF bite) 78.97(10) 77.82 
 78.97(10) 77.85 
   
O–Sn–O 109.66(10) 112.14 
(trans) 157.33(10) 155.01 
 109.66(10) 112.14 
 157.33(10) 155.01 
 109.49(14) 111.74 
 157.91(13) 154.28 
   
O–Sn–O 88.08(10) 88.01 
(cis) 87.62(10) 88.21 
 88.08(10) 88.21 
 88.29(10) 87.75 
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Table 3.5. Continued   
 Crystal Structure 
Gas-Phase 
Optimized 
 88.29(10) 87.75 
 88.29(10) 87.75 
Sn–O–C 117.5(2) 118.98 
 117.5(2) 118.98 
 118.0(2) 118.95 
 117.2(2) 119.05 
 118.0(2) 119.05 
 117.2(2) 118.95 
 
Table 3.6. Bond orders, in three indices, of selected interactions in the crystal and gas-
phase optimized structures of 32. 
 Crystal Structure Gas-Phase Optimized 
 MBO WBO NBI MBO WBO NBI 
Sn–O  0.60 0.40 0.63 0.58 0.40 0.63 
 0.60 0.40 0.63 0.58 0.40 0.63 
 0.59 0.39 0.63 0.57 0.39 0.63 
 0.63 0.63 0.63 0.58 0.39 0.63 
 0.60 0.39 0.64 0.58 0.39 0.63 
 0.59 0.39 0.63 0.57 0.39 0.63 
       
O–C 1.13 0.99 1.00 1.12 1.01 1.01 
(pinF) 1.13 0.99 1.00 1.12 1.01 1.01 
 1.12 0.99 0.99 1.12 1.01 1.01 
 1.13 1.00 1.00 1.13 1.01 1.01 
 1.13 1.01 1.01 1.13 1.01 1.01 
 1.12 1.01 1.01 1.12 1.01 1.01 
       
C–C  0.84 0.86 0.93 0.82 0.84 0.92 
(backbone) 0.84 0.86 0.93 0.82 0.84 0.92 
 0.84 0.86 0.93 0.82 0.84 0.92 
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3.3.2. Sn–O Interactions and Valence Orbitals of Sn 
As an initial prediction, the Sn(II) center of 31 was expected to have a lone pair in 
its 5s orbital and empty 5p orbitals. Canonical MO analysis of 31 shows that the lone pair 
is the HOMO, and confirms that it is primarily of Sn 5s character, with ~15% contribution 
from the 5pz AO. The rest of the metal’s 5p orbitals are distributed among the unoccupied 
MOs; the LUMO is of primarily Sn 5px character (~53%), and is 4.36 eV higher in energy 
than the HOMO (Figure 3.4). Natural Localized Molecular Orbital (NLMO) analysis 
confirms that the lone pair is comprised of ~88% Sn 5s character, with another ~9% 
contribution from the 5p orbitals. NBO further shows that there are two Sn–O σ bonding 
orbitals, one per ligand, that are predominantly oxygen 2p character. These two bonding 
orbitals correspond to the two shorter Sn–O distances observed in the structure, but the 
localization is overemphasized by NBO. Bond order analysis provides a less rigid picture; 
all three indices (MBO, WBO, and NBI) found that each of the four Sn–O interactions have 
bond orders of approximately ½, with a small asymmetry corresponding to the differences 
in bond lengths (Table 3.4). Furthermore, the natural electron configuration of the Sn center 
shows a population of 0.80 e− in the 5p orbitals, while the anionic O atoms of the ligands 
each have 2p populations of ~5.16 e−. In contrast, the neutral O atoms in the THF units 
have 2p populations of 4.95 e−. These data are consistent with a small degree of donation 
from the [pinF]2− O atoms to Sn.  
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Figure 3.4. Visualizations of the canonical LUMO (top) and HOMO (bottom) of 31, with 
F atoms and [K(THF)]+ units removed for clarity. Isosurfaces rendered at a value of 0.03. 
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The presence of four negatively charged donor atoms on the Sn(II) center of 31 is 
notable, because in the literature, four-coordinate Sn(II) complexes typically feature two 
X-type and two L-type donors. Considering the complex as a distorted trigonal bipyramid 
(Scheme 3.4), the axial donors are typically L-type, while the equatorial ligands are 
generally X-type. As discussed above, 31 still assumes the same distorted trigonal-
bipyramidal structure similar to those seen in the literature, and the otherwise equivalent 
negatively charged O atoms can be distinguished by their behavior as “axial” or 
“equatorial” substituents. There is also a difference in the compositions of the Sn–O 
bonding interactions depending on their orientation. For a baseline comparison to an X2L2-
coordinated divalent {SnO4} center, the literature complex [Sn(OP(tBu)2CH2C(CF3)2O)2] 
(36, Scheme 3.10)525 was optimized in the gas phase, and its electronic structure 
investigated.  
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Scheme 3.10. Structure of [Sn(OP(tBu)2CH2C(CF3)2O)2] (36).525 
 
NBO analysis of 36 shows that the Sn lone pair is ~90% 5 s character, and there are 
two Sn–O σ-bonding orbitals per molecule that correspond to the X-type donors. These 
bonding orbitals are ~90% O character, but proportioned slightly differently; in 31, the split 
is 10% 2s and 83% 2p, while for 36 it is 15% 2s and 76% 2p. Bond orders for 36 are more 
distinctly split into the X- and L-type interactions than those for 31, but are still within a 
range of 0.2-0.6 depending on index. Both 31 and 36 also have low-occupancy (Lewis 
valence, LV) orbitals on Sn, which represent electron density donated to the metal from 
the neighboring O atoms that is neither bonding nor antibonding in character. The 
electronic populations are nearly identical (0.15 e for 31 versus 0.19 e for 36), but the AO 
contributions are significantly different. In 36, the LV is comprised of 99% Sn 5p character; 
in 31, the LV is a mix of 4% 5s, 63% 5p, 19% 4d, and 14% 4f.  
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To evaluate the differences in Sn–O interactions by canonical MO analysis, 
contributions from the O donors in both 31 and 36 were grouped together according to their 
axial and equatorial positions (Table 3.7). In both complexes, there are three occupied MOs 
containing at least 5% contribution from both Sn and either type of donor. In 31, two of 
the three MOs are comprised of ~20% Sn 5s character, but negligible 5p, and there is twice 
as much contribution from the equatorial O atoms as from the axial type. The lower energy 
orbital is of primarily σ character, while the higher energy orbital has some π character as 
well (Figure 3.5). These two orbitals correspond to the bonding NBOs discussed above. 
  
 
1
0
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Table 3.7. Percent AO contributions to canonical molecular orbitals for 31 and 36 containing at least 5% of both Sn and O 
character, and Mulliken charges on each Sn(II) center. 
 Partial 
Charge on 
Sn(II) 
Orbital Sn 5s Sn 5p 
Equatorial/X-type Axial/L-type 
 O 2s O 2p O 2s O 2p 
[K]2[Sn(pin
F)2] (31) 1.286 166 A 19.56 1.32  23.86  10.82 
         
  234 A 17.67  2.83 16.09 2.16 5.03 
         
  244 A 31.43 14.78  12.25  26.89 
  (HOMO)       
         
[Sn(OP(tBu)2CH2C(CF3)2O)2]  1.372 124 A 7.53   8.32 1.52 5.63 
(36)         
  194 A 11.14  3.43 22.94 3.25 23.19 
         
  202 A 41.47 15.28  23.04  6.16 
  (HOMO)       
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Figure 3.5. Canonical MOs showing π (top) and σ (bottom) interactions between Sn and 
the equatorial O-donor atoms in 31 (left) and 36 (right). The bond in question is circled in 
yellow in each image. Isosurfaces rendered at a value of 0.03 au. 
 
In the HOMO of 31, however, the axial O atoms contribute significantly more 
orbital composition than the equatorial ones. These data indicate that while there is an 
overall higher degree of interaction between Sn and the equatorial O atoms, all four anionic 
O atoms participate in some amount of X-type covalent bonding with Sn, which is 
consistent with the shorter bond lengths observed in both the crystal and gas-phase 
structures. This model provides a more nuanced description of the two bonding orbitals 
found by NBO. 
The three relevant MOs of 36 are similar to those of 31, but the lowest-energy 
orbital contains less than 10% of any one contributor, and the axial O atoms only constitute 
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~6% of the HOMO (Table 3.7). Like 31, the MOs correspond to a pair of σ- and π-bonding 
orbitals (Figure 3.5) between Sn and the equatorial O atoms, which are negatively charged 
and unequivocally X-type donors. However, the axial and equatorial donors participate 
equally in the “π-bonding” orbital (Figure 3.5). These data are consistent with a small 
donation from the lone pairs on the neutral, sp2 hybridized, axially-coordinated O atoms 
into the Sn center, cementing their classification as L-type. 
As discussed in the introduction to this chapter, the empty p orbital of Sn(II)  
typically leads to high reactivity.417 However, the nature of the [pinF]2− ligand presents two 
competing influences: the electron withdrawing effect of the F atoms, and the increased 
electron donation from four X-type O atoms. The former is expected to act to increase the 
Lewis acidity of the Sn(II) center, but the latter might promote Lewis bacisity of the lone 
pair. To investigate the net effect of these opposing forces, geometry optimizations were 
attempted in which a Lewis acidic or basic group was placed in the apical position of the 
pyramidal structure of 31. First, an NH3 group was positioned 2.265 Å (the mean Sn–N 
distance reported in the CSD) above the Sn atom. However, in this simulation, the NH3 
group dissociates completely from the metal center. Pyridine, which has previously been 
observed coordinating to Sn(II),449, 526-528 also dissociates from 31 in silico. The same result 
was obtained when a THF molecule was placed in the axial position, which is consistent 
with 119Sn NMR data that show a four-coordinate species in THF solution.  
On the other hand, the lone pair of Sn(II) is more sterically available. Although 31 
was not initially expected to act as a Lewis base, another simulation was performed with 
BH3 in the apical position. This optimization converged with Sn–B bond orders of 0.58 
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(MBO), 0.87 (WBI), and 0.93 (NBI), and a distance of 2.326 Å, which is comparable to 
the complex [Sn(C6H3(NMe2)2-2,6)2][BH3] (37•BH3) shown in Scheme 3.11.529 When 
optimized under the same conditions as 31•BH3, the Sn–B distance of 37•BH3 relaxes from 
2.262(5) Å in the crystal structure to 2.295 Å in the gas phase. Despite the increased 
distance, the bond orders are close to unity, and the orbital overlap indicates equal amounts 
of Sn and B character. Only seven other non-cluster crystal structures with direct Sn(II)–B 
contacts have been reported, and distances range from 2.294 – 2.359(5) Å.519, 530, 531 All but 
one of these bonds feature X-type B donors; the last, which has the longest distance, is a 
[B(PhF)3]-stannylene adduct (Scheme 3.12).
530 
 
 
Scheme 3.11. Structure of [Sn(C6H3(NMe2)2-2,6)2][BH3] (37•BH3).529 
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Scheme 3.12. Structure of [Sn(Si(SiMe3)2(SiMe2)2(Si(SiMe3)2)][B(Ph
F)3].
485, 530 
 
A comparison of the valence orbitals of 31, 31•BH3, 37•BH3, and 37 is presented 
in Figure 3.6. The HOMO-LUMO gaps of both systems are reduced upon addition of BH3, 
but the decrease is far more dramatic in the case of 37. Of particular note is the fact that 
the percentage of s and p character of the HOMOs of 31 and 37 is reversed.  
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Figure 3.6. MO diagrams of the canonical valence orbitals of 31, 31•BH3, 37•BH3, and 37 without BH3. Sn is shown in silver, 
N atoms in blue, and O atoms in red. H atoms, F atoms, and [K(THF)]+ ions removed for clarity. Midpoints of each HOMO-
LUMO gap arbitrarily set at zero. Isosurfaces rendered at a value of 0.03. 
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The Sn(IV) center of complex 32 does not have a lone pair, and should feature 
primarily dative or ionic Sn–O interactions. NBO analysis describes a total of three σ 
bonding orbitals comprised of ~88% oxygen and ~12% tin, with both atoms contributing 
primarily p character (Table 3.8). Once more, these interactions translate to bond orders of 
approximately ½ in the MBO, WBO, and NBI indices (Table 3.6). The natural electron 
configuration data also show that, similar to 31, the 5s and 5p orbitals on Sn have 
populations of 0.79 and 0.86 e− respectively, consistent with donation from neighboring O 
atoms. However, the canonical MOs indicate an even lower degree of covalency; the 
largest amount of canonical overlap is in a single bonding orbital of 8.84% Sn 5s character 
and a mix of 3-12% 2p character from several O and C atoms (Figure 3.7). The 5s orbital 
of Sn is the primary contributor to the LUMO of 32, which is 4.47 eV higher in energy 
than the HOMO (Figure 3.8). The lowest energy MO containing more than 8% 5p character 
is a further 2.35 eV higher than the LUMO, with four other MOs lying between them. 
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Figure 3.7. Visualization of the occupied canonical MO of 32 with the most Sn 
character. O atoms are shown in red. K+ ions removed for clarity. Isosurface rendered at a 
value of 0.03. 
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Figure 3.8. Visualization of the HOMO (right) and LUMO (left) of 32. Sn is shown in 
silver, and O atoms are shown in red. K+ ions removed for clarity. Isosurfaces rendered 
at a value of 0.03. 
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Table 3.8. Percent contributions of Sn and O orbitals to the sigma bonding NBO between 
them. 
 [K]2[Sn(pinF)2] (31) [K]2[Sn(pinF)3] (32) 
Orbital pinF 1 pinF 2 pinF 1 pinF 2 pinF 3 
Sn 5s 0.19 0.20 4.19 2.92 4.62 
Sn 5p 4.88 4.93 7.60 8.12 7.50 
O 2s 10.24 10.30 11.57 11.83 11.70 
O 2p 83.64 83.52 76.44 76.92 76.04 
 
 
3.4. Conclusions. 
Two new anions, [Sn(pinF)2]
2− (31) and [Sn(pinF)3]
2−(32), were prepared and 
associated with various countercations. [Sn(pinF)2]
2− is a rare example of an anionic four-
coordinate Sn(II) complex; while most four-coordinate Sn(II) species are ligated by two 
X- and two L-type ligands, [Sn(pinF)2]
2− features all X-type oxygen donors. However, 
despite the symmetry of the [pinF]2− ligand, the Sn–O distances and bonding orbitals are 
asymmetric in a similar way to that observed in mixed-donor complexes. The net effect is 
a geometry similar to that of common {SnX2L2} environments, but more Sn–O overlap 
and a more electron-rich metal center. 
While many four-coordinate Sn(II) species are Lewis acidic due to their empty 5p 
orbital, both simulations and experimental data indicate that a Lewis base in the apical 
position of 31 will not remain coordinated. However, the extra electron density provided 
by four X-type donors may make the lone pair of Sn(II) more Lewis basic. In silico this 
can lead to the formation of the adduct [Sn(pinF)2•BH3]2−, in which the Sn–B bond orders 
118 
 
 
are between ½ and unity depending on the index used. Such adducts have been reported 
previously,529 but synthetic work would be necessary to confirm whether 31 is able to 
function as a Lewis base. Meanwhile, further calculations with a range of Lewis acids 
might more accurately determine the relative basicity of 31¸to put it in the context of other 
Sn(II) complexes in the literature. 
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CHAPTER 4. Metallophilic Interactions in Diamagnetic Heterobimetallic Lantern 
Complexes [PtM(RCOS)4(OH2)] 
4.1. Introduction 
Metal-metal bonding is a central concept in chemistry that is evolving as new 
compounds with formerly unusual atomic arrangements are prepared. Metal centers have 
demonstrated numerous extremes of structure and reactivity, from being extraordinarily 
electrophilic or nucleophilic to a variety of single-electron radical processes. Recently, 
donor-acceptor interactions have also been recognized between metals, including s-,532, 533 
d-,534-538 p-,539-544 and, to some extent, f-block545 metal atoms, to give a selection of recent 
examples. These metal-metal donor-acceptor interactions have been recently termed metal-
only Lewis pairs (MOLPs),546 and have also been called dative metal-metal bonds.547-557 
The combination of two disparate elements, one having an electron pair and the 
other needing an electron pair, was classified by G. N. Lewis in the now eponymous 
electron-donating bases and electron-accepting acids. Typically taught to young chemists 
with examples from the p-block non-metals, such donor-acceptor interactions are now 
well-established in metals across the periodic table. In d-block chemistry specifically, 
square-planar d8 complexes have considerable precedent for their nucleophilic, Lewis-
basic donor character,558, 559 while closed-shell metal cations typify electron-accepting 
Lewis acids. The metal Lewis acids have included K,560 Ca,561 Mn,562 Pd,563 Pt,564 Cu,565, 
566 Ag,566-569 Au,567, 570, 571 Zn,572-574 Cd,575 Hg,576, 577 Tl578-582 and Pb,581, 583 and have been 
reviewed.558 In this work, the possible donation of a square-planar Pt(II) dz
2 lone pair to the 
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empty valence orbital(s) of Zn, Mg, and Ca is investigated in a series of diamagnetic 
heterobimetallic lantern compounds of the form [PtM(SOCR)4(OH2)] (R = CH3, M = Mg 
(38); R = C6H5, M = Mg (39), Ca (40), Zn (41)) prepared by Dr. Fred Baddour. These 
materials have enabled an assessment of the electronic influence of the diamagnetic metals 
on Pt via the use of 195Pt NMR spectroscopy, in collaboration with Dr. Todd Alam, without 
any potentially obscuring paramagnetism. Experimental 195Pt NMR data then serve as a 
useful handle by which the DFT models of the complexes have been evaluated, allowing 
for in-depth study of their electronic structures and the nature of Pt–M interactions. 
 
 
4.2 Experimental 
4.2.1. Materials and Methods 
Syntheses were performed by Dr. Frederick G. Baddour and Dr. Jesse L. Guillet, 
both formerly of the Doerrer group at Boston University, according to literature 
procedures.584-588 Potassium tetrachloroplatinate (K2PtCl4) was prepared using a 
combination of literature methods: hexachloroplatinic acid (H2PtCl6) was prepared
589 from 
commercially obtained platinum metal and converted to K2PtCl6,
590 which in turn was 
reduced to K2PtCl4.
591 The lantern complexes were made in aqueous solution by first 
deprotonating thiocarboxylic acids (HSAc or Htba) with sodium bicarbonate, then adding 
K2PtCl4 and a salt of the second divalent metal (Scheme 4.1.).
584 NMR studies were carried 
out by Dr. Todd M. Alam at Sandia National Laboratories.  
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Scheme 4.1. Synthesis of diamagnetic heterobimetallic lantern complexes 38-41. 
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4.2.2. Computational Studies. 
Density functional theory (DFT) analysis was carried out with the 2014 and 2016 
releases of the Amsterdam Density Functional (ADF) program suite.357, 358 The gas-phase 
geometries of each species were optimized at the PBE level of theory, and relativistic 
corrections for Pt atoms were made with the scalar ZORA as implemented by ADF.468 
Basis sets were used as follows: QZ4P for Pt atoms; TZ2P for Mg, Ca, and Zn; SZ for H; 
and DZP for all p-block elements.592 No frozen core approximation was applied to 
geometry optimizations. These geometries were confirmed as local minima by numerical 
frequency calculations with the local density approximation to reduce computational cost, 
a large frozen core approximation, and TZ2P (Pt, Zn, Ca, Mg), SZ (H), and DZP (E) basis 
sets.593 Starting coordinates for all complexes were obtained from crystal structures, except 
for [PtCa(tba)4(OH2)] and [PtCa(tba)4(OH2)2] (Schemes 4.2.b and 4.2.c, manually adjusted 
from the coordinates of 41), as well as [(bpy)PtAr2] and [(bpy)PtAr2(ZnPh
F
2)] (Ar = p-
C6H4
tBu; PhF =C6F5), which were adapted from the published phenanthroline 
derivatives.573 Final coordinates of these manually constructed complexes were also 
confirmed to be potential energy minima by vibrational calculations. The Natural Bond 
Orbital (NBO) 6.0356 package and Bader analysis466, 467 as implemented by ADF were used 
to calculate bond orders and occupancies of Lewis valence orbitals. 195Pt NMR spectra 
were simulated for each complex using the NMR module of ADF.594 
Charge transfer complementary occupied-virtual pair analysis (COVP)595 based on 
absolutely localized molecular orbitals (ALMOs)596 was performed with the Q-Chem 4.4 
package597 by Ruslan Tazhigulov of the Bravaya group at Boston University. The M06-L 
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functional598 was applied, using the CRENBL599 effective core potential and basis set for 
heavy atoms, and the 6-311G* Pople basis for hydrogen atoms. Starting coordinates were 
obtained from optimized geometries calculated by DFT as described above. For the COVP 
analysis, each system was separated into two fragments: the first comprised of the donor 
Pt metal atom and ligands ([Pt(SAc)4]
2− or [Pt(tba)4]
2−), and the second made of the 
acceptor metal ion with H2O ([Zn(OH2)]
2+ or [Mg(OH2)]
2+). 
 
 
Scheme 4.2. The three {PtCa} species examined by DFT: a) dimer [PtCa(tba)4(OH2)]2 
(40); b) monomer [PtCa(tba)4(OH2)]; c) monomer [PtCa(tba)4(OH2)2]. 
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 4.3. Results and Discussion 
4.3.1. Structure 
Heterobimetallic complexes 38-41 all have the common lantern structure (Scheme 
4.1.), in which the two metals are held together by a “backbone” or “bridging” ligand – in 
these cases, the backbones are thiocarboxylates. However, [PtCa(tba)4(OH2)]2 (40) has a 
substantially different geometry than the others . The large ionic radius of Ca2+ results in a 
distortion of the basic structure, displacing both metal centers from the square planar 
environments defined by the thiocarboxylate S and O atoms. In the solid state, the Ca atom 
interacts with an oxygen atom from the thiobenzoate of an adjacent lantern unit, forming a 
tail-to-tail dimer (Scheme 4.1.) in which the geometry around Ca is trigonal prismatic. The 
Pt atom in 3 is also displaced inward from the {S4} plane, in contrast to the other lantern 
complexes which have a more strictly square planar geometry around Pt.584 As will be 
discussed further in Section 4.3.2, this geometric difference is reflected in the 195Pt NMR 
shift. 
The metal-metal distances in 38-41 and some previously reported lantern 
complexes are presented in Table 4.1., along with Cotton’s formal shortness ratio (FSR)600 
for each. The FSR is defined as 
𝐹𝑆𝑅𝐴𝐵 =
𝑅𝐸
(𝑅𝐴 + 𝑅𝐵)
 
in which RE is the experimentally determined distance between atoms A and B, and RA and 
RB are the covalent radii of each atom, respectively. The smaller the number, the shorter 
the bond, and a value of unity indicates an unexceptional covalent separation. FSRs 
125 
 
 
significantly lower than unity (< 0.9) typically indicate multiple bonds between the atoms, 
since the A–B distance is considerably smaller than the sum of their covalent radii. 
 
Table 4.1. Formal Shortness Ratio (FSR) values for Pt…M distances in lantern 
complexes. 
Compound 
Experimental M–
M distance (Å) 
Sum of covalent 
radii (Å) 
FSR Reference 
[PtMg(tba)4(OH2)] (39) 2.698 2.77 0.974 this work 
[PtCa(tba)4(OH2)]2 
(40) 
3.0636(8) 3.12 0.982 
this work 
[PtMg(SAc)4(OH2)] 
(38) 
2.77(1) 2.77 1.000 
this work 
[PtZn(SAc)4(py)] 2.6180(5) 2.58 1.015 
587 
[PtZn(SAc)4(3-
NO2py)] 
2.6282(3) 2.58 1.019 
586 
[PtZn(tba)4(OH2)] (41) 2.6342(15) 2.58 1.021 this work 
[PtZn(SAc)4(OH2)] 2.6477(7) 2.58 1.026 
586 
[PtZn(SAc)4(4-
NH2py)] 
2.6617(6) 2.58 1.032 
587 
 
Table 4.1. orders the intramolecular Pt…M distances in the {PtM} thiocarboxylate 
complexes by increasing FSR. The values suggest more interaction between Pt and the 
Group 2 atoms than between Pt and Zn; the Pt…Zn FSR values are slightly greater than 1.0, 
whereas for the Pt…Mg and Pt…Ca species the FSRs are a bit less than 1. However, these 
numbers can be misleading, as geometric propinquity is not the only requirement for 
interaction between two atoms. As described in more detail below, there is actually greater 
interaction with Pt in the Zn case than there is with Mg or Ca. 
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The mononuclear [Ph4P]2[Pt(SAc)4] (42) was prepared as a control and is 
structurally unremarkable, as shown in Figure 4.1.. The two phosphonium cations have no 
close contacts with the anion, and the anion has square-planar geometry about Pt, with two 
thioacetate ligands above and two below the {PtS4} plane. In the absence of a second metal 
ion to bind the oxygen atoms, no lantern structure is observed.584 
 
 
Figure 4.1. Previously reported ORTEP of [Ph4P]2[Pt(SAc)4] (42).
584 Ellipsoids are 
drawn at the 50% level. Only a single cation is shown, and hydrogen atoms and lattice 
H2O have been excluded for clarity. 
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4.3.2. 195Pt NMR Spectroscopy 
The 195Pt NMR spectra were recorded for 38-41, as well as the five published 
diamagnetic complexes [(py)PtZn(SAc)4(py)],
587 [PtZn(SAc)4(py)],
587 [PtZn(SAc)4(3-
NO2py)],
586 [PtZn(SAc)4(4-NH2py)],
587 and [PtZn(SAc)4(OH2)].
586 (Ph4P)2[Pt(SAc)4] (42) 
was also included as a mononuclear control. The results are collected in Table 4.2. and 
Figure 4.2.. The chemical shifts for all the lantern compounds are downfield from that of 
42, which appears at −3899 ppm. The most notable difference within the group of lantern 
complexes is between the chemical shifts in the Zn-containing compounds and those of the 
species that contain either Ca or Mg. A downfield shift of about 30 ppm is observed 
between the spectra of the Zn family and those of the Mg-containing 38 and 39. A further 
downfield shift of 130 ppm is seen when Mg is substituted with Ca. These data indicate 
that the electronic environment at the Pt atom in 42 changes significantly upon coordination 
of Zn, Mg, or Ca, and that the effects of each M2+ are distinct from the others to a non-
negligible degree. The larger change in the δ 195Pt of the Ca thiobenzoate lantern could be 
the result of the distorted square planar geometry of Pt in 40, discussed above in Section 
4.3.1. The change in 195Pt chemical shift upon coordination of a donor Pt atom to a Lewis 
acid metal center has been observed previously, and a collection of these data from the 
literature is given in Figure 4.3. and Table 4.3.. These patterns are discussed further in the 
context of the DFT calculations below.  
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Table 4.2. 195Pt Chemical Shifts (ppm) and Pt…M distances (Å) of Diamagnetic Lantern 
Complexes. 
Compound Pt…M δ 195Pt 
Referenc
e 
[PtMg(SAc)4(OH2)] (38) 2.77(1)† −4270 584 
[PtMg(tba)4(OH2)] (39) 2.687(16)
* −4276 584 
[PtCa(tba)4(OH2)] (40) 3.0636(8) −4101 584 
[PtZn(tba)4(OH2)] (41) 2.6342(15) −4310 584 
[PtZn(SAc)4(OH2)] 2.6477(7) −4300 586 
[PtZn(SAc)4(py)2] 2.5313(7) −4305 587 
[PtZn(SAc)4(py)] 2.6180(5) −4303 587 
[PtZn(SAc)4(3-NO2py)] 2.6282(3) −4304 586 
[PtZn(SAc)4(4-NH2py)] 2.6617(6) −4311 587 
(Ph4P)2[Pt(SAc)4] (42)  −3899 584 
*average value † preliminary value 
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Figure 4.2. Comparison of calculated and experimental 195Pt NMR shifts. Green: 42; 
orange: 40; red: 38 and 39; blue: 41 and previously reported [PtZn(SAc)4(L)] lantern 
complexes. Red line is a guide to the eye indicating exact agreement. 
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Figure 4.3. Comparison of δ 195Pt values for complexes with and without interactions 
with Lewis acidic M. 
  
 
1
3
1
 
Table 4.3. Comparison of changes in 195Pt NMR shift upon coordination of a heterometal fragment to a Pt precursor. 
Precursor Formula M Fragment 
δ 195Pt in precursor 
(ppm) 
δ 195Pt in product 
(ppm) 
Δδ (ppm) Ref. 
cis-[Pt(2-phenylpyridine)2] [Cd(cyclen)]2+ −1749 −1562 187 575 
cis-[Pt(CH3)2(bpy)] [Cd(cyclen)]2+ −1918 −1571 347 575 
cis-[Pt(2-phenylpyridine)2] [Ag(C3H6O)] + −1928 −1529 399 569 
cis-[Pt(2-(2-thienyl)pyridine)2] [Ag(C3H6O)] + −2204 −1797 407 569 
[Pt(bpy)(Ar)2]* [Zn(PhF)2] −3328 −3150 178 573 
[Pt(phen)(Ar)2]* [Zn(PhF)2] −3355 −3167 188 573 
[Pt(EtO2C-C^N^C)(dmpyz)]
 a, † Cu(I) −3490 −3330 160 566 
[Pt(EtO2C-C^N^C)(dmpyz)]
 a, † μ2-Ag(I) −3490 −3461 29 566 
[Pt(2-phenylpyridine)(S3C6H12)]+ ½ μ2- [Ag(NCCH3)2]+ −3787 −3582 205 568 
[Pt(C^N^C)(SC4H8)]
b ⅓ μ3-Tl(I) −3914 −3157 757 580 
[Pt(C^N^C)(PPh3)]
b [Au(PPh3)] + −4334 −4017 317 570 
[Pt(dmpe)(Ar)2]*
‡ [Zn(PhF)2] −4506 −4544 -38 573 
[Pt(PCy3)2] [CdI2] −6505 −5260 1245 574 
[Pt(PCy3)2] [ZnBr2] −6505 −5425 1080 574 
[Pt(SAc)4]2− [Zn(OH2)]2+ −3899 −4300 −401 586 
[Pt(SAc)4]2− [Zn(py)]2+ −3899 −4303 −404 587 
[Pt(SAc)4]2− [Zn(3-NO2py)]2+ −3899 −4304 −405 586 
[Pt(SAc)4]2− [Zn(4-NH2py)]2+ −3899 −4311 −412 587 
[Pt(SAc)4]2− [Mg(OH2)]2+ −3899 −4270 −371 584 
[Pt(tba)4]2− [Mg(OH2)]2+  −4276  584 
[Pt(tba)4]2− [Zn(OH2)]2+  −4310  584 
[Pt(tba)4]2− [Ca(OH2)]2+  −4101  584 
* Precursor structure built from product crystal structure. C^N^C = a ethyl 2,6-diphenylisonicotinate; b 6-diphenylpyridinate. † dmpyz = 
2,5-dimethylpyrazine; ‡ dmpe = bis(dimethylphosphino)ethane. 
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4.3.3. Computational Studies. 
Crystallographic coordinates were used as starting points to calculate optimized 
gas-phase geometries for each complex, except for the hypothetical [PtCa(tba)4(OH2)] and 
[PtCa(tba)4(OH2)2] (Schemes 4.2.b and 4.2.c), and the literature species [(bpy)PtAr2] and 
[(bpy)PtAr2{Zn(Ph
F)2}] (Ar = p-C6H4
tBu; PhF = C6F5).
573 Pt–M distances and selected 
angles were found to be in good agreement with experiment, with the calculated bond 
lengths being consistently shorter than those seen in the crystal structures by 0.12 Å or less 
(Tables 4.1. and 4.4.). 
 
Table 4.4. Calculated distances (Å) and angles (°) for lantern complexes. 
Formula Pt–M M–L Pt–M–L Ref. 
[PtMg(SAc)4(OH2)] (38) 2.658 2.134, O 169.7 
584 
     
[PtMg(tba)4(OH2)] (39) 2.631 2.124, O 171.5 
584 
     
[PtCa(tba)4(OH2)]2 (40) 2.974 2.517, O 134.4 
584 
     
[PtZn(tba)4(OH2)] (41) 2.515 2.211, O 167.8 
584 
     
[PtZn(SAc)4(OH2)] 2.527 2.210, O 167.9 
586 
     
[PtZn(SAc)4(py)] 2.575 2.121, N 180.0 
587 
     
[PtZn(SAc)4(3-NO2py)] 2.579 2.154, N 180.0 
586 
     
[PtZn(SAc)4(4-NH2py)] 2.586 2.100, N 179.9 
587 
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Calculated 195Pt NMR shifts in the gas phase for 38, 39, and 41 were in excellent 
agreement with experiment (Table 4.5.).584, 601-604 Shifts calculated for the previously-
reported [PtZn(SAc)4(L)] complexes
587 were even more so, with 0.25% difference or less. 
In 40, in which M = Ca, the difference was distinctly greater (6.2%, +255 ppm). Because 
it is uncertain whether or not the dimeric structure observed in the solid-state persists in 
solution, two monomer analogs (Scheme 4.2.) were also constructed and analyzed in order 
to determine whether the observed 195Pt shifts were more consistent with a monomer or 
dimer structure. One monomer was constructed with a single axial H2O coordinated to Ca, 
analogous to 38, 39, and 41; the other contained two H2O ligands coordinated to Ca, 
resulting in a pseudo-six-coordinate environment similar to that observed in the solid-state 
structure of 40. All 195Pt NMR shifts calculated for these three {PtCa} complexes were 
further from the experimental value than those obtained for the other lantern complexes, 
but the calculated δ 195Pt of the dimer was found to be closer to the experimentally observed 
shift (6.2% difference) versus that of the doubly-hydrated monomer (6.8%). The singly-
hydrated monomer had the worst correspondence to experiment (9.5%), suggesting that the 
higher coordination number is retained in solution. The Pt…Ca distance in the simulated 
dimer is also a closer match to experiment than those found in either of the hypothetical 
monomers (Tables 4.4. and 4.5.). Therefore, the dimeric structure was used in subsequent 
analyses unless otherwise noted. The calculated 195Pt shift for (Ph4P)2[Pt(SAc)4] (42), 
−3839 ppm, is also in close agreement with the experimental value of δ = −3899 ppm.  
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Table 4.5. Experimental vs. calculated 195Pt NMR data (ppm) for lantern complexes and 
{PtZn} species from the literature. 
Compound 
Experimental 
δ 195Pt 
Calculated δ 
195Pt 
% 
Difference 
Ref. 
[Pt(SAc)4]
2−-, anion of 42 −3899 −3839.46 1.5 584 
[PtMg(SAc)4(OH2)] (38) −4270 −4218.68 1.2 584 
[PtMg(tba)4(OH2)] (39) −4276 −4197.46 1.8 584 
[PtZn(SAc)4(OH2)] −4300 −4289.09 0.25 586 
[PtZn(tba)4(OH2)] (41) −4310 −4269.14 0.95 584 
[PtZn(SAc)4(py)] −4303 −4311.24 0.19 587 
[PtZn(SAc)4(4-NH2py)] −4311 −4314.11 0.072 587 
[PtZn(SAc)4(3-NO2py)] −4304 −4308.07 0.095 586 
[PtCa(tba)4(OH2)]2 (40) −4101 −3845.89 6.2 584 
[PtCa(tba)4(OH2)2] N/A −3822.16* 6.8 584 
[PtCa(tba)4(OH2)] N/A −3710.55* 9.5 584 
[(phen)PtAr2(ZnAr
F
2)] −3167 −2906.06 8.2 573 
[(phen)PtAr2] −3355 −2255.53 32. 573 
[(bpy)PtAr2(ZnAr
F
2)] −3150 −2876.51 8.7 573 
[(bpy)PtAr2] −3328 −2246.3 33.  573 
[(dmpe)PtAr2(ZnAr
F
2)] −4544 −4274.54 5.9 573 
[(dmpe)PtAr2] −4506 −4312.68 4.3 573 
[Pt(PCy3)2(ZnBr2)] −5425 −5446.7 0.40 574 
[Pt(PCy3)2] −6505 −6465.78 0.60 574 
*Compared to experimental value for 40. 
 
These measured and calculated 195Pt NMR shifts for the Mg, Ca, and Zn lantern 
complexes are quite distinct from one another and from the monometallic 42. Formation 
of the Pt…M contact results in a change of between −371 and −412 ppm from the δ 195Pt of 
42 to those in 38-41 and the [PtZn(SAc)4(L)] series of lantern complexes (Tables 4.4. and 
4.5., Figure 4.2.). These changes are reproduced in the calculations. There is also a 
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difference in the calculated chemical shift of 70 ppm between [PtMg(SAc)4(OH2)] (38) and 
[PtZn(SAc)4(OH2)]; and a change of 72 ppm between [PtMg(SAc)4(OH2)] (39) and 
[PtZn(tba)4(OH2)] (41). These values are larger than the experimental differences of 30 and 
34 ppm, respectively, but they confirm that substitution of M has a measureable effect on 
the electronic environment around Pt. These differences in δ 195Pt from [Pt(SAc)4]2− 
indicate that the electronic structure of Pt upon coordination of a second metal in 
[PtM(SAc)4(L)]
2− is affected not only by the presence of M, but also by its identity. 
Although the NMR simulations reproduce the effect of the second metal, the 
experimentally observed differences between complexes with thiobenzoate vs. thioacetate 
ligands were within the uncertainty of the calculations. Differences of 10 ppm or less 
between the pairs 38/39 and 41/[PtZn(SAc)4(OH2)] were not reproduced by the 
195Pt NMR 
simulations, nor was the sign of the change. Likewise, the experimentally determined 
chemical shifts of complexes in the [PtZn(SAc)4(L)] series are all within 11 ppm of each 
other. Because the range of values is so small, all empirically observed changes in 195Pt 
NMR shifts as a function of L are not exactly reproduced by calculations with the 
parameters employed in this study (Tables 4.3. and 4.5.).  
To gain a better understanding of the effect of a Lewis acidic metal in close 
proximity to a donor Pt(II) atom, 195Pt NMR shifts of related compounds from the literature 
were examined (Figure 4.3., Table 4.3.). Pairings of a Pt-only compound and the product 
of its reaction with a Lewis-acidic metal fragment, where 195Pt data were available for both 
Pt-containing species, were chosen. Two examples of Pt(0) functioning as a Lewis base 
have also been included.  
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First we consider the broad pattern of chemical shift as a function of the ligand 
donor environment. The experimentally determined 195Pt NMR signal of 42 falls on the 
most negative end of the range of the Pt-only literature compounds. The compounds with 
the most positive shifts have the strongest σ-donor ligands on Pt(II), including methyl 
groups and ortho-metalated phenylpyridine. In general, the chemical shifts of the Pt(II) 
donor species are more upfield when the Pt center is ligated by softer donors, such as 
thiophene and tertiary phosphines, and more downfield when the Pt atom is coordinated to 
hard donor ligands. Although neutral, anionic, and cationic species are all represented in 
this survey, the ligand environment around Pt seems to contribute more to the magnitude 
of the NMR shift than does the overall charge of the complex. For example, the cation 
[Pt(2-phenylpyridine)(S3C6H12)]
+ has a 195Pt NMR value of −3787 ppm,568 far from the 
most positive value of −1749 ppm,575 and the shift of the anion 42 is only +15 ppm away 
from that of the neutral species [Pt(C^N^C)(SC4H8)]. 
580 According to this pattern, 
phosphine ligands donate the most electron density to the Pt atom and provide the greatest 
shielding; nitrogen donors are the weakest, and the sulfur groups S3C6H12
568 and SC4H8
580 
fall in the middle with anionic [SAc]−. Within this cohort of divalent Pt centers, the relative 
195Pt NMR shift of 42 is consistent with those of other molecules reported in the literature. 
The seeming outlier among these compounds is [Pt(PCy3)2] with a shift of −6505,574 which 
is due to the electron-rich Pt(0) center.  
Upon addition of a Lewis-acidic metal-containing fragment to these precursors, the 
majority of the changes in 195Pt NMR shifts are downfield, consistent with the donation of 
electron density from Pt to the second metal. The only exception among the literature 
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examples is the complex [(dmpe)Pt(μ2-Ar)2(Zn(PhF)2)] (Ar = p-C6H4tBu; PhF = C6F5), 
which displays a relatively small change in shift of −38 ppm (versus the average change of 
~ 200 ppm, Table 4.3.) upon coordination of [Zn(PhF)2].
573 It is also the only species in the 
literature survey to have a bridging ligand (μ2-C6F5) between Pt and Zn, as opposed to an 
unsupported interaction. In both of these aspects [(dmpe)Pt(μ2-Ar)2(Zn(PhF)2)] is similar 
to the lantern complexes, suggesting that the presence of a bridging ligand affects the way 
that electron density at Pt is redistributed upon addition of a second metal fragment. 
Bond order, NBO, and MO analyses were performed in order to characterize the 
nature of the Pt…M interactions present in 38-41 and [PtZn(SAc)4(OH2)], and place them 
in the broader context of literature compounds. Wiberg (WBO)605 and Mayer (MBO)606, 607 
bond orders along the Pt–M vector were determined for 38-41 and related [PtZn(SAc)4(L)] 
lantern complexes, and are shown in Table 4.6.. The clearest correlation is between the 
bond order and the identity of M: all Zn species display a twofold increase in WBO over 
their Mg counterparts, and that factor rises to ten when comparing MBOs. The values for 
Ca-containing 40 are intermediate between those of the Zn and Mg species, presenting a 
qualitative trend of increasing covalency with increasing atomic number. 
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Table 4.6. Calculated M–M distances and bond orders in lantern complexes. Calculated 
bond distances for complexes [PtCa(tba)4(OH2)2] and [PtCa(tba)4(OH2)] are compared to 
the experimental value of 40. 
Compound M–M distance (Å) M–M Bond Order Ref. 
Calculated Experimental % Diff MBO WBO 
[PtMg(SAc)4(OH2)] (38) 2.658 2.77(1) 4.1 0.02 0.07 584 
[PtMg(tba)4(OH2)] (39) 2.631 2.687(16) 2.5 0.04 0.07 584 
[PtZn(SAc)4(OH2)] 2.527 2.6477(7) 4.6 0.34 0.14 586 
[PtZn(tba)4(OH2)] (41) 2.514 2.6342(15) 4.5 0.35 0.14 584 
[PtZn(SAc)4(py)] 2.578 2.6180(5) 1.5 0.32 0.14 587 
[PtZn(SAc)4(4-NH2py)] 2.591 2.6617(6) 2.7 0.31 0.14 587 
[PtZn(SAc)4(3-NO2py)] 2.578 2.6282(3) 1.9 0.31 0.14 586 
[PtCa(tba)4(OH2)]2 (40) 2.973 3.0636(8) 3.0 0.12 0.07 584 
[PtCa(tba)4(OH2)2] 2.915 3.0636(8) 4.9 0.17 0.08 584 
[PtCa(tba)4(OH2)] 2.832 3.0636(8) 7.6 0.21 0.09 584 
 
The bond orders found for the M = Zn lantern complexes are similar to those 
calculated for several compounds in the literature containing Pt(II)…Zn(II) interactions. 
MBOs and WBOs were found for [(phen)Pt(Ar)2(Zn(PhF)2)] (0.39, 0.12) and the analogous 
bpy- (0.39, 0.12) and dmpe-coordinated (0.15, 0.03) species. The Pt(0) complex 
[Pt(PCy3)2(ZnBr2)]574 (0.39, 0.14) was also studied (Table 4.7.). Three of these species 
display bond orders between Pt and Zn that are extremely similar to 41 and the other 
[PtZn(SAc)4(L)] lantern complexes shown in Table 4.6.. These unbridged Pt…Zn 
interactions are clearly dative, and therefore the members of the [PtZn(RCOS)4(L)] series 
also fall into the broader category of metal-only donor-acceptor complexes. 
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Table 4.6. Calculated M–M distances and bond orders in lantern complexes. Calculated 
bond distances for complexes [PtCa(tba)4(OH2)2] and [PtCa(tba)4(OH2)] are compared to 
the experimental value of 40. 
Compound M–M distance (Å) M–M Bond Order Ref. 
Calculated Experimental % Diff MBO WBO 
[PtMg(SAc)4(OH2)] (38) 2.658 2.77(1) 4.1 0.02 0.07 584 
[PtMg(tba)4(OH2)] (39) 2.631 2.687(16) 2.5 0.04 0.07 584 
[PtZn(SAc)4(OH2)] 2.527 2.6477(7) 4.6 0.34 0.14 586 
[PtZn(tba)4(OH2)] (41) 2.514 2.6342(15) 4.5 0.35 0.14 584 
[PtZn(SAc)4(py)] 2.578 2.6180(5) 1.5 0.32 0.14 587 
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t a(tba)4(OH2)]2 (40) 2.973 3.0636(8) 3.0 0.12 0.07 584 
[ t a(tba)4(OH2)2] 2.915 3.0636(8) 4.9 0.17 0.08 584 
[PtCa(tba)4(OH2)] 2.832 3.0636(8) 7.6 0.21 0.09 584 
 
The bond orders found for the M = Zn lantern complexes are similar to those 
calculated for several compounds in the literature containing Pt(II)…Zn(II) interactions. 
MBOs and WBOs were found for [(phen)Pt(Ar)2(Zn(PhF)2)] (0.39, 0.12) and the analogous 
bpy- (0.39, 0.12) and dmpe-coordinated (0.15, 0.03) species. The Pt(0) complex 
[Pt(PCy3)2(ZnBr2)]574 (0.39, 0.14) was also studied (Table 4.7.). Three of these species 
display bond orders between Pt and Zn that are extremely similar to 41 and the other 
[PtZn(SAc)4(L)] lantern complexes shown in Table 4.6.. These unbridged Pt…Zn 
interactions are clearly dative, and therefore the members of the [PtZn(RCOS)4(L)] series 
also fall into the broader category of metal-only donor-acceptor complexes. 
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Table 4.7. Calculated bond orders of literature compounds with Pt  ZnII interactions 
(Ar = p-C6H4
tBu). 
Compound P–Zn (Å) [MBO] [WBO] Reference 
[Pt(PCy3)2(ZnBr2)] 2.472 0.39 0.14 
574 
[(phen)PtAr2(ZnPh
F
2)] 2.553 0.39 0.12 
573 
[(bpy)PtAr2(ZnPh
F
2)] 2.553 0.32 0.12 
573 
[(dpme)PtAr2(ZnPh
F
2)] 2.822 0.15 0.03 
573 
 
The fourth compound, [(dmpe)Pt(μ2-Ar)2(Zn(PhF)2)], contains a bridging ligand 
and shows an uncommon upfield shift in the 195Pt spectrum. Its Pt…Zn bond orders (0.15, 
0.03) are distinctly lower than those of the other three complexes, and the metal-metal 
distance is longer than other species listed in Table 4.3.. One possible reason for these 
differences is the binding mode of the bridging aryl groups. Donation from the aryl π-
system into empty p orbitals on Zn, as well as backbonding from the 3d orbitals on Zn, 
were observed computationally.573 These increased interactions between Zn and the aryl 
groups may be responsible for the smaller degree of Pt…Zn covalency. 
NBO analysis further supports a covalent description of the Pt…Zn interaction in 41 
and the previously reported [PtZn(SAc)4(L)] lantern complexes, and a lack of covalent 
Pt…Mg interaction in 38 and 39. Rather than significant bonding between the metals, there 
is a valence non-bonding orbital with fractional occupancy, accounting for electron density 
that is part of neither the atomic core orbitals nor bonding/antibonding orbitals, localized 
on Zn. This electron density represents a small degree of donation from atoms that are not 
covalently bound to Zn, e.g., the Pt center. A similar localized orbital is seen in the Mg 
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species as well (Figure 4.4.), but the occupancy is much lower, consistent with the 
hypothesis that the Mg center is accepting less density from the atoms it interacts with. 
 
           
Figure 4.4. Localized, partially filled nonbonding orbitals in 38 (left, occupancy 0.23) 
and [PtZn(SAc)4(OH2)] (right, occupancy 0.43) from NBO analysis. 
 
Parsing metal contributions to the calculated MOs for 39, 40, and 41 reveals that 
while there is only a small degree of covalent overlap between the occupied 5d orbitals of 
Pt and empty s orbitals of M, the extent of mixing is greatest when M = Zn. In the case of 
[PtZn(SAc)4(OH2)], three occupied and three unoccupied MOs contain contributions from 
both the 5dz
2 orbital of Pt and the 4s orbital of Zn, including the LUMO+1, although the 
contribution is no greater than 4% of one AO or the other in each MO. In addition, the 3dz
2 
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orbital of Zn (6%) and 5dz
2 orbital of Pt (36%) both contribute to the HOMO-4. 
Considering MOs that include any other combination of Pt and Zn character (e.g., Zn d 
orbitals or Pt p), eighteen are occupied and six are unoccupied. Similar patterns were also 
observed in 41 (Figure 4.5.) and the other [PtZn(SAc)4(L)] complexes. In all lantern 
complexes studied, the primary interactions experienced by either metal are with the ligand 
donor atoms. 
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Figure 4.5. Selected molecular orbitals in 41 with primary contributions from Pt and Zn 
shown. 
 
In 38 and 39, the lack of covalency between metals is pronounced (Scheme 4.3.). 
In 38, there are three MOs containing both Pt 5dz
2 and Mg 3s character: two occupied, and 
one unoccupied. Of these, the most significant overlap is observed through the empty Pt 6s 
and Mg 3s, which contribute in an 11% : 8% ratio to an occupied orbital of primarily ligand 
character. There are fifteen MOs with any other Pt/Mg AO mixing present, but the majority 
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of mixing is seen in high-energy, unoccupied MOs. The Mg center has primarily ionic 
interactions with the O atoms of the thiocarboxylate, consistent with behavior observed in 
other Mg(II) compounds. Similar behavior is seen in 39. The Ca species 40 displays one 
occupied orbital containing 16% Pt 5dz
2 and only 1% Ca 3dz
2 character (Figure 4.6.), two 
unoccupied orbitals with less than 2% contribution of those AOs, and twenty unoccupied 
MOs with any other type of Pt/Ca AO mixing. 
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Scheme 4.3. Qualitative MO diagrams for 38 versus 41. The majority of Pt density is 
shared with {RCOS}− in both cases. 
 
145 
 
 
 
Figure 4.6. Selected molecular orbitals in 40 with primary contributions from Pt and Ca 
shown. The number of atomic electrons does not match the occupancy of the MOs, due to 
the energy range included in the figure and the use of neutral atoms, rather than ions, in 
the diagram. 
 
Examination of MO contributions calculated when using an ionic-fragment-based 
approach revealed the same trend that was observed in the results discussed above. In 1, 
there are one occupied and two unoccupied MOs containing both Pt2+ 5dz
2 and Mg2+ 3s 
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character. Twelve MOs contain any other combination of Mg2+ and Pt2+ character. In 
contrast, among the MOs of [PtZn(SAc)4(OH2)] are five occupied and four unoccupied 
orbitals containing contributions from both Pt2+ 5dz
2 and Zn2+ 4s, plus twenty orbitals with 
any other combination of Pt2+ and Zn2+ character. For ease of comparison, the hypothetical, 
monomeric species [PtCa(tba)4(OH2)] (Scheme 4.2.) was also examined by fragment 
calculation rather than the dimer 40. [PtCa(tba)4(OH2)] was found to have two occupied 
and two unoccupied MOs with Ca2+ 4s/Pt2+ 5dz
2 contributions, and sixteen unoccupied 
MOs with any other Ca2+/Pt2+ mixing, placing it between 38 and [PtZn(SAc)4(OH2)] in 
terms of degree of covalency. 
Using the absolutely localized molecular orbital (ALMO) method, collaborator 
Ruslan Tazhigulov calculated complementary occupied-virtual pairs (COVP)595 for 38, 39, 
41, and [PtZn(SAc)4(OH2)]. A pair of these orbitals describes an intramolecular electron 
donation from an occupied orbital on the [Pt(RCOS)4]
2− fragment of the lantern to an empty 
acceptor orbital localized on the [M(OH2)]
2+ fragment. The orbitals in [PtZn(SAc)4(OH2)] 
and 41 (Figures 4.7. and 4.8.) indicate that the donor orbitals in [Pt(SAc)4]
2− are comprised 
of both dz
2 character from Pt and p character from electron-rich oxygen atoms on the 
thiocarboxylate ligand, whereas the acceptor orbitals on [Zn(OH2)]
2+ have largely s 
character from the Zn center. The quantitative COVP analysis in Table 4.8. includes (i) ∆E, 
a calculation of charge transfer energy; (ii) ∆Q, a measure of the amount of charge transfer 
between fragments; and (iii) the percentage of the total charge transfer between fragments 
that is described by this particular simulated donor-acceptor COVP.595 In Mg-containing 
38 and 39, Pt still contributes a majority dz
2 component and the acceptor orbital on Mg is 
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still primarily s character (Figures 4.7. and 4.8.), but there is a less favorable energy change, 
less formation of intramolecular interactions, and less involvement of ligand orbitals than 
with Zn (Table 4.8.). These data indicate that charge transfer from the Pt fragment to the 
heterometal fragment is more pronounced in the {PtZn} complexes than in the analogous 
{PtMg} species, a characteristic that may be partially responsible for the luminescence 
properties of [PtZn(SAc)4(OH2)] versus Mg-containing 38.
584 
 
  
Figure 4.7. COVP visualizations for [PtZn(SAc)4(OH2)], left, and 38, right. Donor 
orbitals are shown in solid red and blue; acceptor orbitals are translucent. 
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Figure 4.8. COVP visualizations for [PtZn(tba)4(OH2)] (41), left, and [PtMg(tba)4(OH2)] 
(39), right. Donor orbitals are shown in solid red and blue; acceptor orbitals are 
translucent. 
 
Table 4.8. ALMO COVP Calculations.  
System ΔE (kJ/mol) 
ΔQ 
(mē) 
% of Total Charge 
Transfer 
[Pt(SAc)4]
2− → [MgOH2)]2+ 
(38) 
−8.93 5.06 35 
[Pt(tba)4]
2− → [MgOH2)]2+ (39) −8.46 4.65 35 
[Pt(SAc)4]
2− → [ZnOH2)]2+ −67.76 53.61 69 
[Pt(tba)4]
2− → [ZnOH2)]2+ (41) −65.98 50.82 69 
 
Overall, the data indicate that 38, 39, and 40 have almost exclusively ionic metal-
ligand interactions, with no Pt…M interactions, whereas the interactions in 41 and other 
{PtZn}-containing species are more dative and covalent. Scheme 4.4. depicts four general 
types of metal-metal pairings between closed-shell metals. A homobimetallic Pt(II)-Pt(II) 
is shown in Scheme 4.4.a, including the mixing of the occupied 5d and unoccupied 6s 
orbitals in a d8-d8 metallophilic interaction. A heterobimetallic d10-d8 interaction is shown 
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in (b) between Au(I) and Pt(II). Another potentially metallophilic d10-d8 interaction is 
shown in (c), emphasizing the greater energy disparity between the valence shells of Zn 
and Pt versus Au and Pt. Lastly, in (d) the Mg(II) 3s orbital has no interaction with the Pt 
5d. These sketches may help to think about metal-metal interactions on a continuum of 
differences in valence orbital energies. As these computational data have shown, the 
Pt…Mg compound has no significant metal-metal interaction in spite of the short M…M 
distance, because the Mg center’s Lewis acidity is satisfied by the ionic interactions with 
the ligand O donors. The Pt…Zn interactions do exhibit demonstrable dative character in 
the presence of the same ligand donor set. The Pt…Ca case is an in-between one based on 
the 195Pt NMR data and calculated bond orders.  
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Scheme 4.4. Qualitative MO diagrams depicting a) homonuclear metallophilic, b) 
heteronuclear metallophilic, c) dative, and d) non-existent metal-metal interactions. 
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4.4. Conclusions. 
A cooperative study employing 195Pt NMR, structural analysis, and electronic 
structure calculations was conducted to elucidate and characterize the Pt…M interactions 
present in heterobimetallic thiocarboxylate lantern complexes with {PtMg} (38 and 39), 
{PtCa} (40), and {PtZn} (41), as well as the structural factors that influence those 
interactions. Trends in the 195Pt data for complexes 38-42 and comparable species in the 
literature suggest a qualitative correlation between the type of Lewis-acidic metal atom 
interacting with Pt and the change in 195Pt chemical shift of the donor Pt(II) atom. 
Additionally, MO, fragment MO, NBO, and COVP analyses have provided evidence for a 
covalent Pt…Zn interaction with metal-only donor-acceptor character in 41 and other 
{PtZn} lantern species, which need to be thought of simultaneously with the already 
demonstrated existence of metallophilic interactions in the d10-d8 pairings. This analysis 
has also demonstrated that the Pt…Mg and Pt…Ca compounds lack significant M…M 
interactions. Together, the experimental and computational techniques presented here 
demonstrate that even in the quite close contact of a bimetallic lantern complex, a metal-
only donor-acceptor interaction does not necessarily occur.  
 
152 
 
 
CHAPTER 5. Charge Transfer in Heterobimetallic Lantern Complexes with 
Thiocarbamate Backbone Ligands, [PtM(pipCOS)4(py)] 
5.1. Introduction 
Earlier lantern complexes prepared by the Doerrer group, such as those discussed 
in Chapter 4 above, were of the type [PtM(RCOS)4(L)].
584-586, 588, 608 The identities of the 
3d metal M and the axial ligand L have been varied extensively, but the backbone ligand 
holding the two metal centers together has thus far had either R = CH3 (thioacetate, [SAc]
−) 
or R = Ph (thiobenzoate, [tba]−). Only recently has the Doerrer group begun to explore the 
incorporation of other structural motifs into the lantern framework. The hard-soft 
differential provided by thiocarboxylate groups is important to maintain controlled 
coordination to the mixed 3d metal/Pt core, so monothiocarbamates ([R2NCOS]
−) were 
chosen as the next candidate. A thiocarbamate group still enforces selective coordination 
of S to Pt and O to M, and also introduces an sp3 hybridized N atom into the backbone of 
the lantern, which changes the electronic structure and properties of the complexes. 
Carbamate groups, as amides, have multiple resonance structures (Scheme 5.1.) 
that result in partial double-bond character between the unique carbamate carbon and the 
nitrogen atom. Whereas a single N–C bond in an amine typically has a length greater than 
1.4 Å, and imine double bonds average 1.3 Å,19 the N–COS distances in carbamates bound 
to metal centers are observed to fall between 1.3-1.4 Å, closer to double-bond length than 
single.609-611 The effect is observed spectroscopically in the IR region, in which the N–C 
stretching frequency appears between the expected values for single and double bonds. The 
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increased interaction also has kinetic effects that can be tracked by variable-temperature 
1H NMR. Experiments focusing on the α-hydrogen atoms of the N-bound R groups have 
revealed hindered rotation about the N–C axis that can be attributed to the increased bond 
order.612-616 These results, particularly in the realm of IR spectroscopy, have been 
consistent across many different compounds. 
 
 
Scheme 5.1. The two major resonance structures of a generic amide.609 
 
A search of the Cambridge Structural Database (CSD)19 shows that since the early 
1960s, 32 different metals have been ligated by one or more monothiocarbamate 
derivatives, and at least eleven binding modes have been observed.616-627 Seven of these 
modes involve bridging two or more metal centers, from µ2 coordination through the sulfur 
atom,626, 628 to double-µ2
625 and mixed κ2/µ2 interactions (Scheme 5.2.). Although there are 
several metallic clusters623-625, 629, 630 and even an extended system625 presented in the 
literature, only one lantern-type structure featuring a monothiocarbamate backbone – a Mo 
dimer – has been structurally characterized,627 with one other631 proposed based only on IR 
spectroscopy data. There are no examples of mixed-metal species. Thus, not only do the 
Doerrer group complexes discussed in this chapter represent a very rare binding mode, but 
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they are the first examples of monothiocarbamate ligands bridging two different metal 
centers.  
 
Scheme 5.2. Crystallographically observed binding modes of monothiocarbamate 
ligands. Top (a): monometallic binding modes; bottom (b): multimetallic binding modes. 
 
Former group member Dr. Jesse Guillet chose a piperidine-based thiocarbamate, 
[pipCOS]−, as a synthetic target, and successfully generated a family of lantern complexes 
[PtM(pipCOS)4(py)] (M = Mn, 43; Co, 44; Ni, 45; Zn, 46; Scheme 5.3.).
632 This new series 
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displays absorptions in the visible range that are far more intense than those observed for 
the corresponding lanterns with methyl- and phenyl-substituted bridging ligands. To 
investigate the possible presence of LMCT in the system, the electronic structures of these 
thiocarbamate-bridged monomeric species were analyzed by DFT. The hypothetical 
lantern structure “[PtFe(pipCOS)4(py)]” (47, optimized in the high spin state) was also 
included and structural trends of these lanterns were compared to selected other 
thiocarbamate complexes from the literature (Figure 5.1.). 
 
Scheme 5.3. General structure of [PtM(pipCOS)4(py)] (M = Mn (43), Co (44), Ni (45), 
Zn (46), Fe (47)). The three unique types of N–C bonds are highlighted in red (Npip–COS), 
green (Npip–Cpip), and blue (Npy–Cpy). 
 
  
 
1
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Figure 5.1. Structures of a) Zn(pipCOS)2(pipH)2 (48)
618; b) Te(pipCOS)(Ph)2Cl (49)
619; c) Co(pyrCOS)2(pyrH)2 (pyr = 
pyrrolidine) (50)611; d) Sn(SOC(NC4H8O))(Ph)3 (51)
633; e) [Mo2(
iPr2NCOS)4(THF)] (52)
627; f) Ti(Et2NCOS)4 (53)
621; g) 
Te(Et2NCOS)(Ph)2Cl (54)
619; h) Te(Et2NCOS)2(Ph)2 (55).
619 Hydrogen atoms have been removed for clarity. All structures 
rendered using the Mercury analysis program.
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5.2. Experimental 
5.2.1. Materials and Methods 
All syntheses were performed by Dr. Jesse Guillet632 and Sydney Lagueux, BU’18, 
both formerly of the Doerrer group at Boston University. The starting material 
[pipH2][pipCOS] was prepared according to a literature procedure of bubbling carbonyl 
sulfide gas through a solution of piperidine in diethyl ether.634, 635 Potassium 
tetrachloroplatinate (K2PtCl4) was prepared using a combination of literature methods: 
hexachloroplatinic acid (H2PtCl6) was prepared
589 from commercially obtained platinum 
metal and converted to K2PtCl6,
590 which in turn was reduced to K2PtCl4.
591 The lantern 
complexes were made by first mixing aqueous solutions of [pipH2][pipCOS] and K2PtCl4, 
followed by addition of a salt of the second divalent metal.584 X-Ray crystallographic 
analysis was performed by Prof. Arnold Rheingold at the University of California-San 
Diego. 
 
5.2.2. Computational Studies. 
Density functional theory (DFT) analysis was carried out with the 2014 and 2016 
releases of the Amsterdam Density Functional (ADF) program suite.357, 358 Starting 
coordinates for all complexes were obtained from crystal structures, and used to perform 
geometry optimizations in the gas phase at the PBE level of theory. Pt atoms were treated 
with the all-electron QZ4P basis set and zeroth-order regular approximation (ZORA) 
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relativistic corrections as implemented by ADF.468 The TZ2P basis set was applied to all 
3d metals, along with SZ for H and DZP for all p-block elements.469 These geometries were 
confirmed as local minima by numerical frequency calculations with the local density 
approximation, a large frozen core approximation, and TZ2P (Pt, Mn, Co, Ni, Zn), SZ (H), 
and DZP (E) basis sets.593 The Natural Bond Orbital (NBO) 6.0356 package and Bader 
analysis466, 467 as implemented by ADF were used to calculate bond orders and Natural 
Localized Molecular Orbitals (NLMOs).  
 
5.3. Results and Discussion 
5.3.1. Structure 
A neutral three-coordinate nitrogen atom with sp3 hybridization, a tertiary amine, 
is expected to form a trigonal pyramid with the three atoms to which it is bound, leaving 
its lone pair to occupy an axial position perpendicular to the plane of the pyramid’s base 
(Scheme 5.4., left). When the lone pair interacts with one of the three bound atoms, the 
hybridization becomes sp2, and the geometry flattens into a trigonal planar configuration. 
Pyramidalization636, 637 is a metric used to describe the “flatness” of the environment 
around the apical atom – in this case, nitrogen – of a pyramid, by quantifying the deviation 
from planarity. For the purposes of this discussion, it will be defined as shown in Scheme 
5.4., where the sum of X–N–X angles is subtracted from 360° to give a pyramidalization 
value P = 360 − (α + β + γ). This definition is a simple way to quantify differences in 
ligands and measure the hybridization of N in various environments. 
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Scheme 5.4. Graphical depiction of pyramidalization, P, around N. 
 
Complexes 43-46 were studied in both their crystalline and gas-phase optimized 
geometries. The hypothetical lantern structure 47 was also included to produce a more 
complete series of 3d metals, although the complex has not been synthetically produced at 
the time of this writing. Calculations of “[PtCu(pipCOS)4(py)]” were attempted, but 
produced non-aufbau results and were discarded. Additional piperidine derivatives were 
also optimized and studied for comparison to the lantern complexes. Pyramidalization 
values were calculated for all species, and the data are presented in Figure 5.2. and Table 
5.1.. The four data points for each lantern represent the four distinct [pipCOS]− ligands. 
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Figure 5.2. Pyramidalization values for thiocarbamate ligands in 43-47 and a selection of 
small piperidine derivatives. 
 
Table 5.1. Pyramidalization values, P, for thiocarbamate ligands in 43-47 and a selection 
of small piperidine derivatives. All values in degrees. 
Complex Crystal Structure PBE PBE-D3 
Piperidine638 31.86 33.13  
1-methyl piperidine  24.69  
pipCOO−  16.61  
pipCOS−  11.16  
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Table 5.1. Continued    
Complex Crystal Structure 
Gas-Phase 
Optimized 
PBE-D3 
pipCSS−  6.48  
pipCOSH  4.54  
pipCOOH  4.08  
pipCSSH  3.21  
[PtMn(pipCOS)4(py)] (43) 7.55 5.78 6.95 
 0.05 7.25 10.01 
 0.17 6.33 9.78 
 2.99 6.39 8.75 
[PtFe(pipCOS)4(py)] (47)  5.59  
  6.75  
  5.85  
  5.76  
[PtCo(pipCOS)4(py)] (44) 0.03 6.43 3.79 
 0 7.04 11.67 
 2.79 7.04 9.82 
 7.8 5.84 9.95 
[PtNi(pipCOS)4(py)] (45) 6.56 4.95 8.90 
  4.95 8.04 
  7.46 10.50 
 4.31 7.46 10.50 
[PtZn(pipCOS)4(py)] (46) 8.06 5.17 9.02 
 0.04 7.75 7.96 
 3.3 8.87 10.02 
 0.01 6.56 9.27 
 
The fully sp3-hybridized piperidine N atom, assuming a regular tetrahedron where 
 = 107.3°, has the maximum pyramidalization value of 33.13° degrees. This value 
drops precipitously when H is replaced by other functional groups. The lantern complexes 
show values between 0–9°, in line with the carboxylic acid derivatives in Figure 5.2. and 
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Table 5.1. above. Notably, the low degree of pyramidalization observed in the crystal 
structures of thiocarbamate ligands is preserved in the gas phase, indicating that it is caused 
by the electronic structure of the ligands in the complexes rather than crystal packing. The 
packing does cause some asymmetry, however, as the range of pyramidalization values 
decreases in the gas phase. Despite a small increase in the absolute value of the 
pyramidalization values within the lantern complexes, these trends were maintained when 
the dispersion-corrected functional PBE-D3 was used. The hypothetical complex 47 fits in 
the same range as the other lantern species, displaying consistency across the first-row 
transition metals. Interestingly, deprotonated carboxylate derivatives have higher 
pyramidalization than their protonated counterparts, in which there is less electronic 
delocalization. There is not a clear dependence on degree of thiolation (mono- vs 
dithiocarbamate), however. The data in Figure 5.2. also show that, beyond the symmetry 
found in the Ni species 45, the identity of the 3d metal has no significant effect on the value 
of P. 
While the lantern complexes 43-47 show P values far less than 33.13°, they are 
quite high in relation to the literature. The majority of available crystal structures of metal-
thiocarbamate complexes show P values of less than 1°, and as low as 0.02° in three 
cases.621, 625, 627 There are two instances of values up to 5.34°,623, 626 but these are exceptions 
rather than the rule. It is also of note that there are no published computational studies of 
these species, and their P values may be affected by crystal packing in a similar manner to 
the lantern complexes. It is possible that in the gas phase, some of the structures might 
relax into a less strictly planar configuration. This change does not occur, however, for the 
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one published lantern complex, [Mo2(
iPr2NCOS)4(THF)] (52).
627 When this complex was 
studied computationally, the structure converged to a highly symmetric configuration 
wherein the already small P values of 0.20 and 0.39° were reduced to 0.05°. However, 
these differences are so slight that they are within the range of experimental error present 
in the crystal structures. 
Geometry optimizations were also performed on a selection of other literature 
complexes, considered in two groups: those where the N of the thiocarbamate was part of 
a closed ring,611, 619 and those where the N was bound to two discrete hydrocarbon chains 
(Scheme 5.5.).619, 621 It was found that the species in the latter category tended to converge 
towards a more planar geometry around N when optimized in the gas phase, whereas those 
with a cyclic group featured increased pyramidalization values (Figure 5.3.). The Doerrer 
group’s species follow this pattern, but still display P values higher than those seen in the 
literature. 
 
 
Scheme 5.5. Two categories of thiocarbamate ligands. Left: cyclic (Zn(pipCOS)2(pipH)2 
(48)618; Te(pipCOS)(Ph)2Cl (49)
619; Co(pyrCOS)2(pyrH)2 (50, pyr = pyrrolidine)
611; 
Sn(SOC(NC4H8O))(Ph)3 (51)
633); right: discrete ([Mo2(
iPr2NCOS)4(THF)] (52)
627; 
Ti(Et2NCOS)4 (53)
621; Te(Et2NCOS)(Ph)2Cl (54)
619; Te(Et2NCOS)2(Ph)2 (55)
619). 
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Figure 5.3. Pyramidalization values in the eight published thiocarbamate complexes 
shown in Figure 5.1.. From left to right: Zn(pipCOS)2(pipH)2 (48)
618; Te(pipCOS)(Ph)2Cl 
(49)619; Co(pyrCOS)2(pyrH)2 (50, pyr = pyrrolidine)
611; Sn(SOC(NC4H8O))(Ph)3 (51)
633; 
[Mo2(
iPr2NCOS)4(THF)] (52)
627; Ti(Et2NCOS)4 (53)
621; Te(Et2NCOS)(Ph)2Cl (54)
619; 
Te(Et2NCOS)2(Ph)2 (55).
619 
 
Key bond distances in 43-47 (Table 5.2.) are also comparable to those observed in 
the compounds in Figure 5.1.. The C–O bonds in metal-bound thiocarbamates range from 
a minimum of 1.210 Å619 to as long as 1.565 Å,639 and the C–S distances tend to have an 
inverse relationship with C–O (Figure 5.4.); in the two complexes with the minimum and 
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maximum C–O distances, for example, the corresponding C–S distances are 1.837 Å619 
and 1.605 Å,639 respectively. The only other reported monothiocarbamate lantern complex, 
52,627 has longer C–O bonds (1.276(0) Å) and shorter C–S bonds (1.737(1) Å) than the 
heterobimetallic species 43-47, but the average N–COS distance is similar in the crystal 
structures. 
 
 
Figure 5.4. All C–S vs. C–O distances in the monothiocarbamate complexes 48-55 
shown in Figure 5.1.. 
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Table 5.2. Average bond lengths (Å) within the thiocarbamate ligands of calculated lantern structures. 
Compound 
N–Cpip N–COS C–O C–S 
Crystal Calculated Crystal Calculated Crystal Calculated Crystal Calculated 
[PtMn(pipCOS)4(py)] (43) 1.467(5) 1.468(1) 1.350(5) 1.377(1) 1.255(3) 1.263(1) 1.761(5) 1.764(1) 
[PtFe(pipCOS)4(py)] (47)  1.468(2)  1.373(1)  1.265(1)  1.760(1) 
[PtCo(pipCOS)4(py)] (44) 1.464(10) 1.468(2) 1.350(7) 1.375(1) 1.259(5) 1.264(2) 1.757(8) 1.761(3) 
[PtNi(pipCOS)4(py)] (45) 1.471(5) 1.467(8) 1.351(2) 1.376(1) 1.261(2) 1.263(1) 1.761(5) 1.761(1) 
[PtZn(pipCOS)4(py)] (46) 1.468(4) 1.466(2) 1.353(7) 1.377(1) 1.257(1) 1.262(1) 1.756(6) 1.767(1) 
[Mo2(
iPr2NCOS)4(THF)]  
(52)627 
1.475(8) 1.482(5) 1.352(11) 1.368(0) 1.276(0) 1.279(0) 1.737(1) 1.751(0) 
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5.3.2. N–C Bonding 
In order to examine the interaction between the N atom and the COS group of each 
thiocarbamate ligand, the Npip–COS contacts were compared to other N–C bonds present in 
the molecules. Within each of the complexes prepared by Guillet, there are three distinct 
N–C bonds, highlighted in Scheme 5.3.: the single bond within the piperidine ring (Npip–
Cpip), the delocalized bond within the axial pyridine (Npy–Cpy), and the bond between the 
piperidine and COS group (Npip–COS). These interactions were examined using both 
crystallographic data and three types of bond order analysis: Mayer (MBO), Wiberg 
(WBO), and the Natural Binding Index (NBI). Basic Lewis structure assignments give the 
Npip–Cpip bond an order of 1, and that of Npy–Cpy 1.5. These values are borne out by the 
data, shown in Figure 5.5.. In each case, the Npip–COS bond order falls between the two 
established quantities, confirming that there is more covalency than a formal single bond 
but slightly less than a fully delocalized aromatic ring. The trend holds across complexes 
43-46 and in all three indices. Values are also highly consistent within each molecule, with 
less than 0.01 units in any index separating corresponding interactions in the four 
[pipCOS]− ligands. 
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Figure 5.5. N–C bond orders in complexes 43-46. MBO values are represented as red 
squares, WBO as green triangles, and NBI as blue circles. For 43-45, the total bond 
orders are equal to the sum of the α and β contributions. 
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The same trend is seen when comparing N–C distances. Figures 5.6a and 5.6b 
demonstrates that the Npip–COS distance is more similar to a bond of order 1.5 than it is to 
a single bond, in both the crystal and gas-phase optimized structures of 43-46. The graphs 
also provide a visualization of the effects of crystal packing on the lantern complexes’ 
structure; in the gas phase calculations, the range of distances is contracted, and the pipN–
COS interaction lengthens slightly. This lengthening is also consistent with the increased P 
value observed in the gas phase. 
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Figure 5.6a. N–C distances in complexes 43 (top) and 44 (bottom). Values from crystal 
structures are shown as blue triangles, and gas-phase optimized structures as red circles. 
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Figure 5.6b. N–C distances in complexes 45 (top) and 46 (bottom). Values from crystal 
structures are shown as blue triangles, and gas-phase optimized structures as red circles. 
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The N–C interactions were also examined in terms of the Natural Localized 
Molecular Orbitals (NLMO). For complexes 43-46, the NLMOs of each N lone pair and 
each N–C bond were broken down into percent contributions of s and p atomic orbitals, 
neglecting any further symmetry, to better understand how the bond compositions differ. 
Only those contributions greater than 1% were considered. Each type of N–C bonding 
orbital was consistent across all four species. For the Npip–Cpip bonds (Table 5.3.), NLMOs 
were on average 18% N s character, 43% N p character, 9% C s character, and 28% C p 
character. The 1:3 ratio of s to p carbon orbitals is consistent with sp3 hybridization; the 
ratio is 1:2.4 for the nitrogen AOs, indicating that its hybridization is somewhere between 
sp3 and sp2. Only one NLMO describes each Npip–Cpip contact. 
 
Table 5.3. Average percentage AO contributions to -spin NLMOs of Npip–Cpip 
interactions. 
Compound N s N p C s C p 
[PtMn(pipCOS)4(py)] 
(43) 
18.26(21) 43.52(7) 8.98(1) 28.02(6) 
[PtCo(pipCOS)4(py)] 
(44) 
18.25(17) 43.58(7) 8.95(2) 27.99(5) 
[PtNi(pipCOS)4(py)] 
(45) 
17.99(50) 43.68(33) 8.33(5) 28.80(9) 
[PtZn(pipCOS)4(py)] 
(46) 
18.29(33) 43.54(15) 8.95(6) 28.02(4) 
 
In contrast, within each pyridine ring, there are a total of three NLMOs for the two 
Npy–Cpy bonds. One NLMO describes the lone pair π system exclusively, and is comprised 
of about 50% N with the rest distributed among the ring carbons (Table 5.4.). The other 
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two bonding NLMOs have compositions of 21% N s character, 39% N p character, 12% C 
s character, and 26% C p character – similar to those for Npip–Cpip bonds, but with a 1:1.9 
ratio of s versus p contribution, indicative of the sp2 hybridization of Npy and Cpy (Table 
5.5.).  
 
Table 5.4. Percentage AO contributions to -spin NLMOs of Npy–Cpy -system. 
Compound N C (1) C (2) C (3) C (4) C (5) 
[PtMn(pipCOS)4(py)] 
(43) 
53.20 33.26 
5.74 4.63 
1.54 1.30 
[PtCo(pipCOS)4(py)] 
(44) 
55.12 31.44 
6.47 3.88 
1.40 1.27 
[PtNi(pipCOS)4(py)] 
(45) 
54.26 32.18 
6.38 4.65 
1.13 0.98 
[PtZn(pipCOS)4(py)] 
(46) 
54.61 32.14 
5.72 4.39 
1.51 1.23 
 
Table 5.5. Average percentage AO contributions to α-spin NLMOs of Npy–Cpy  bonds. 
Compound N s N p C s C p 
[PtMn(pipCOS)4(py)] 
(43) 
21.74(4) 38.87(3) 12.05(1) 26.38(0) 
[PtCo(pipCOS)4(py)] 
(44) 
21.32(21) 39.16(13) 11.91(8) 26.36(0) 
[PtNi(pipCOS)4(py)] 
(45) 
21.57(0) 39.00(1) 11.46(1) 27.09(0) 
[PtZn(pipCOS)4(py)] 
(46) 
22.19(0) 38.61(1) 11.90(1) 26.40(0) 
 
The NLMOs describing each Npip–COS bond were most similar in composition to 
those of Npy–Cpy: 21% N s character, 41% N p character, 12% C s character, and 24% C p 
character (Table 5.6.). The s-to-p ratio of both atoms is therefore almost exactly 1:2, 
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confirming the sp2 hybridization of N. Although there were no additional -bonding 
NLMOs, the lone pair orbitals of N were not entirely localized. Each was 80% N p, but 
also contained 11% p character from COS and about 3% each of N s and O s (Table 5.7.). 
There was negligible contribution from any orbitals on S, Pt, or the 3d metal, likely owing 
to the higher energy of the valence orbitals of these elements compared to O. These results 
are consistent with the partial double bond character of Npip–COS, but show that while the 
N lone pair communicates with O, the donation is small. Furthermore, the N is only 
indirectly responsible for the intense LMCT signal of this family of complexes, and its lone 
pair does not directly communicate with either metal in the ground state. 
 
Table 5.6. Average percentage AO contributions to α-spin NLMOs of Npip–COS bonding 
interactions. 
Compound N s N p C s C p 
[PtMn(pipCOS)4(py)] 
(43) 
21.16(4) 41.52(6) 12.37(3) 24.04(1) 
[PtCo(pipCOS)4(py)] 
(44) 
21.17(4) 41.49(5) 12.34(6) 24.10(2) 
[PtNi(pipCOS)4(py)] 
(45) 
22.25(16) 40.43(9) 12.41(2) 24.10(3) 
[PtZn(pipCOS)4(py)] 
(46) 
21.13(7) 41.50(5) 12.36(6) 24.08(1) 
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Table 5.7. Average percentage AO contributions to α-spin NLMOs of lone pairs on 
piperidine N atoms. 
Compound N s N p C p O p 
[PtMn(pipCOS)4(py)] 
(43) 
3.17(20) 78.71(10) 11.16(10) 3.73(2) 
[PtCo(pipCOS)4(py)] 
(44) 
3.20(14) 78.48(16) 11.14(4) 3.73(4) 
[PtNi(pipCOS)4(py)] 
(45) 
2.50(64) 78.98(43) 11.28(10) 4.30(12) 
[PtZn(pipCOS)4(py)] 
(46) 
3.25(38) 78.71(22) 9.15(16) 3.79(6) 
 
5.3.3. Interactions of N with Metals 
The electronic spectra of the thiocarbamate-based lantern complexes differ from 
those of the thiocarboxylate family. Prior work has assigned an absorbance in the UV range 
primarily to LMCT from the S atoms of the thiocarboxylates to Pt.584-586, 608, 640 Donation 
from the O atoms may still be present, but if so, it is eclipsed by the dominant S→Pt 
interactions. With the change in backbone ligand, the absorbance signals become stronger 
and broader, extending into the visible range and making the samples appear noticeably 
darker to the unaided eye. It has been hypothesized that the lone pair of NCOS could be 
donating indirectly into the metal centers via O and S, and therefore affecting the 
absorption properties of the complexes. As discussed above, however, any potential 
interaction in the ground state is too small to contribute to the lone pair NLMOs. In order 
to reveal these more subtle interactions, the canonical molecular orbitals of 44 and 46 were 
studied to find whether any MOs existed with appreciable contributions from both the 
thiocarbamate N atoms and one or both of the metal centers. For these analyses, the four 
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N were considered as a single group, and the sum of any and all AOs present in an MO 
was treated as the total “N character” regardless of orbital symmetry. Symmetry was 
similarly disregarded for the metal AOs. 
In 44, there are 24 α-spin orbitals and 16 β-spin orbitals containing any in-phase 
contribution from both Co and one or more piperidine N atoms. Of these, only three 
occupied α orbitals and one unoccupied β orbital contain 5% or more of both Co and N 
character. There is more interaction between N and Pt, however: 27 α and 29 β orbitals 
(non-exclusive of Co) have any amount of in-phase contribution from both Pt and one or 
more N atoms. Nine α (five occupied, four unoccupied) and twelve β (nine occupied, three 
unoccupied) orbitals have at least 5% combined character of both Pt and N. The greater 
interaction with Pt as opposed to the lower-energy Co may be due to the relatively higher 
covalency of Pt–S contacts versus O and a 3d metal (see Figure 5.8., below) that may allow 
for greater long-range communication through the ligand. This hypothesis is supported by 
the data for 46. Only two MOs, both occupied, meet the 5% cutoff for both Zn and N 
character, while four occupied and three unoccupied MOs have 5% or more contribution 
from both Pt and N. 
In conjunction with the NLMO data that show interaction of the N lone pair with 
the O atom of the ligand, these data confirm that there is the potential for increased LMCT 
in the thiocarbamate lanterns, but via two different mechanisms. On the side of Pt, the 
covalent character of the Pt–S contacts allows for a slight direct communication from N to 
Pt, while on the side of the 3d metal, increased electron density on the O atom may intensify 
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the charge transfer in the excited state. Time-dependent DFT might provide a clearer 
picture of these excitations. 
 
5.3.4. Comparisons of PtZn Lantern Complexes 
The thiocarboxylate-based [PtZn(SAc)4(py)] (56) was studied for contrast to the 
thiocarbamate-based 46. Key bond distances (Figure 5.7.), bond orders (Figure 5.8.), and 
partial charges (Figure 5.9.) were obtained from gas-phase-optimized structures and 
compared. The only appreciable differences were observed in the backbone ligand, so 
despite having a different axial ligand, data from [PtZn(tba)4(OH2)] (compound 41 in 
previous chapter) were also added to the analysis. The environments around the metal 
centers are very similar among the three cases, but the effect of the thiocarbamate N on the 
distances within the COS group is non-negligible. 
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Figure 5.7. Selected bond distances in the geometry optimized structures of 46, 41, and 
56. Values for Zn–O, Pt–S, C–S, and C–O are averages of the four ligands. 
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Figure 5.8. Selected bond orders in the geometry optimized structures of 46, 41, and 56. 
Values for Zn–O, Pt–S, C–S, and C–O are averages of the four ligands. 
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Figure 5.9. Partial charges of atoms in the geometry optimized structures of 46, 41, and 
56. COS refers to the sp
2 hybridized carbon in each backbone ligand. Values for C, O, and 
S are averages across the four ligands. Zero is marked with a horizontal dashed line. 
 
Broadly, the properties studied are all very similar between the three complexes, 
and those around the metal centers do not change appreciably. The most significant 
differences when comparing 46 to the thiocarboxylate analogs are within the ligands 
themselves. First, there is an increase in the C–S distance, accompanied by a drop in bond 
order (Table 5.8.). The same effect is seen in the C–O interactions of 46 and 56, but to a 
much smaller degree. The effect is negligible when comparing 46 to 41 (Table 5.9.). 
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Table 5.8. Averages of C–S distance and C–S bond orders in three different lantern 
structures. 
Compound C–S (Å) MBO WBO NBI 
[PtZn(pipCOS)4(py)] (46) 1.767(1) 1.25(0) 1.19(0) 1.09(0) 
[PtZn(SAc)4(py)] (56) 1.722(0) 1.38(0) 1.37(0) 1.17(0) 
[PtZn(tba)4(OH2)] (41) 1.731(2) 1.37(1) 1.34(1) 1.16(0) 
 
Table 5.9. Averages of C–O distance and C–O bond orders in three different lantern 
structures. 
Compound C–O (Å) MBO WBO NBI 
[PtZn(pipCOS)4(py)] (46) 1.262(1) 1.46(0) 1.41(0) 1.19(0) 
[PtZn(SAc)4(py)] (56) 1.257(0) 1.55(0) 1.47(0) 1.21(0) 
[PtZn(tba)4(OH2)] (41) 1.262(1) 1.50(1) 1.43(1) 1.20(0) 
 
There is also a small redistribution of partial charge across the COS group. As seen 
in Table 5.10., the charge on the central carbon atoms becomes more positive, while that 
on the sulfur atoms becomes more negative. Again, there is a smaller effect on the oxygen 
atoms, but the metal centers show nearly identical partial charges in all three cases. The 
increased electron density on S may be responsible for the increased LMCT observed in 
the UV/vis spectra of the thiocarbamate family of lantern complexes. 
  
 
1
8
2
 
Table 5.10. Average partial charges in three different lantern structures. Due to the different axial ligand, the charges on Zn in 
complex 41 are not directly comparable to those on the pyridine adducts. 
Compound 
Mulliken Charge  Natural Charge 
Pt Zn COS O S  Pt Zn COS O S 
[PtZn(pipCOS)4(py)] 
(46) 
0.32 0.84 0.47(1) −0.63(0) −0.12(1) 
 
-0.01 1.56 0.53(0) −0.76(0) −0.16(0) 
[PtZn(SAc)4(py)] (56) 0.30 0.82 0.27(0) −0.58(0) −0.01(0)  -0.05 1.55 0.36(0) −0.72(0) −0.04(0) 
[PtZn(tba)4(OH2)] (41) 0.32 0.85 0.27(0) −0.59(0) 0.00(0)  -0.04 1.55 0.36(0) −0.72(1) −0.01(1) 
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The canonical molecular orbitals of 46 were also compared to those of 56. In both 
complexes, the total number of MOs containing any in-phase percentage of both Zn and 
the central C of the thiocarbamate is 34. Of these, 22 have at least 5% contribution from 
one or more AOs of either Zn or C character. The total overlap is very similar between the 
two complexes, indicating that the change in ligand does not increase long-range 
interaction with the 3d metal. 
The overlap between Zn and O was also examined. In 56, the total number of MOs 
containing any in-phase percentage of both Zn and O is 33. However, only three of those 
contain more than 10% total contributions from both Zn and the {O4} system. In 46, there 
are 42 MOs with any percentage of both Zn and O character, and four MOs in which both 
fragments contribute at least 10%. Thus, although there is no significant increase in 
interaction between Zn and C, there is more donation from O to Zn in the thiocarbamate 
analog. This suggests that the increased LMCT in the thiocarbamate lanterns occurs 
through both S and O. 
The interactions between Pt and atoms in the backbone show a different trend. In 
56, the total number of MOs containing any in-phase percentage of both Pt and the central 
C of the thioacetate is 33. Of these, 25 have at least 5% contribution from one or more AOs 
of either Pt or C character. In 46, the total number of MOs containing any in-phase 
percentage of both Pt and the central C of the thioacetate is 27. Of these, twelve have at 
least 5% contribution from one or more AOs of either Pt or C character. These data show 
that the thiocarbamate ligand shares less electron density between C and Pt than thioacetate 
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does. However, as discussed in section 5.3.3, electron density from N atoms in the 
thiocarbamate ligands can still donate indirectly into Pt. 
A clear but unexpected result was found when cataloging direct Pt–S interactions. 
Although 46 and 56 have a similar number of MOs with any combination of Pt and S 
character (47 and 45, respectively), 56 has 23 MOs with at least 10% total contribution 
from both S and Pt (17 of which are occupied), while 46 has only 15 (13 of which are 
occupied). In these “major” interactions, the thioacetate lantern complex’s MOs contain 
more Pt orbitals of s and p character (as opposed to d) than are seen in the MOs for 46. 
However, no effect of this reduction in orbital overlap is observed in either the bond length 
or bond order data, which are nearly identical between the two species. 
 
5.4. Conclusions 
Four new compounds of the formula [PtM(pipCOS)4(py)] (M = Mn, Co, Ni, Zn), 
as well as the hypothetical species “[PtFe(pipCOS)4(py)]”, were compared to previously 
reported lantern complexes in the [PtM(RCOS)4(L)] family and to other 
monothiocarbamate species in the literature. Geometry optimizations and NBO analyses 
were performed not only on the Doerrer group’s new species, but also on previously 
reported monothiocarbamate complexes and several organic derivatives of piperidine. The 
metric of pyramidalization, P, was used to evaluate the hybridization of the N atom – and 
consequently the degree of delocalization of its lone pair – in all molecules. Studies of the 
organic fragments (Figure 5.2.) show that replacing the H of piperidine with an R group 
decreases P; when R has a π-system, P is reduced further, but the mono-anionic carbamate 
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groups retain greater pyramidalization than their protonated counterparts. There does not 
appear to be a trend in P based on which chalcogen atoms are present. In metal-bound 
monothiocarbamates specifically (Figure 5.3.), P values are low, although cyclic N 
substituents (like piperidine) tend to show increased pyramidalization upon geometry 
optimization. The only other crystallographically characterized monothiocarbamate lantern 
complex, [Mo2(
iPr2NCOS)4(THF)],
627 retained P values near zero. Further work is 
underway to determine if these structural data are basis-set dependent. 
It was found that delocalization of the N lone pair in monothiocarbamate-bridged 
lantern complexes – which does not exist when the backbone ligand is a thiocarboxylate – 
increases the degree of LMCT; this change is consistent with the experimentally observed 
differences in the UV/vis spectra of the molecules, primarily the large increase in molecular 
absorptivity that is detected both empirically and by the unaided eye. The delocalization, 
and the subsequent partial-double-bond character of the Npip–COS interaction, was also 
confirmed by both structural parameters and molecular orbital analysis. Calculations in the 
ground state found a small degree of direct communication between the N lone pair and 
metal centers, with a greater overlap present for Pt than for the 3d metal. Further 
experimental work in this area, beyond synthesizing 1D chains with the new backbone, 
could include the use of IR spectroscopy and (in the case of diamagnetic species) VT-NMR 
to better characterize the behavior of the [pipCOS]− ligand in a lantern environment. 
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CHAPTER 6. Non-Innocent Ligand Behavior in the Novel Complexes 
[Pt(ctaPhMe)2]n (n = 2−, 1−, 0) 
6.1. Introduction 
Synthetic chemistry typically aims to create one of two types of molecules: those 
with useful physical properties, such as magnets or low-friction polymers; or those that 
chemically interact with the world in useful ways, like medicines, sensors, or catalysts. 
Development of catalysts is perennially one of the most active areas of research, and one 
to which inorganic chemists have made enormous contributions. Transition metals, being 
able to access many different oxidation states, provide electronic and structural flexibility 
that can be invaluable for catalyzing multi-step reactions. During these reactions the metal 
center can act as a “reservoir” for transfer of electrons, while the ligands retain their 
electronic configurations throughout. However, in many systems, the ligands become more 
than spectators. These “redox non-innocent” or “redox-active” ligands can become part of 
the electron (or proton641) exchange, change the metal’s Lewis acidity, or participate in the 
chemical transformation of the substrate.642, 643 
Examples of redox-active ligands range from the very small, like hydride644, 645 or 
nitric oxide646, to macrocycles647 like porphyrins,648, 649 and even clusters like the [4Fe4S] 
groups seen in [NiFe] and [FeFe] hydrogenases.650, 651 Donor atoms include nitrogen, 
oxygen, phosphorus,652-655 carbon,420, 656-662 selenium,663 and sulfur. Among the most 
common binding modes, shown in Scheme 6.1., are 1,3-diene chelates (e.g., quinones) and 
β-diketonate derivatives (acac, NacNac, and SacSac), which form five- and six-membered 
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rings with the metal center, respectively. Among sulfur donors, dithiolenes are far more 
prevalent than dithioketonates in the literature. There are 2293 structurally characterized 
species reported in the Cambridge Structural Database (CSD)19 for a dithiolene backbone 
bound to a transition metal, as opposed to just 23 crystal structures for dithioketonate 
derivatives bound to any metal center.664-680 Other related species contain heteroatoms in 
the chelate ring, such as thio-N-acylamidophosphinates681 and 
imido(phosphine)dichalcogenides.682, 683 
 
 
 
Scheme 6.1. Example structures of a fully oxidized 1,3-diene (left) and a β-diketonate 
(right) bound to a metal center. E represents a P-block donor element, e.g. N, P, or a 
chalcogen. 
 
In this chapter we analyze a new type of redox-active ligand, shown in Scheme 
6.2.a: N-(benzenecarbothioyl)benzenecarboximidothioate, abbreviated here as the 
“condensed thioamide” ([ctaPhR]−). Two equivalents of thiobenzamide react in a template 
condensation reaction to form a six-membered chelate ring that binds to Pt(II) (Scheme 
6.3.). The initial discovery, made by Doerrer group member Linda A. Zuckerman, was 
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unexpected, but Zuckerman has since prepared [Pt(ctaR)2] with R = H, Me, Cl, and F, and 
each derivative has been fully characterized.684 
 
 
a.       b.   c. 
 
Scheme 6.2. Generic structures of (a) the condensed thioamide, (b) dithiouret, and (c) 
dithioimidodiphosphinate coordinated to a metal center. 
 
189 
 
 
 
Scheme 6.3. Proposed mechanism for the formation of [Pt(ctaR)2]-type complexes. 
 
Several other variations of the S–C–N–C–S ring have been observed previously, 
but none have two R substituents. Most are dithiourets (Scheme 6.2.b) or 
dithioimidodiphosphinate derivatives (Scheme 6.2.c), in which both sp2 carbon atoms in 
the ring are bound to an amine685-697 or a phosphine, respectively. There are also four 
complexes that fall under neither category: two with both N(Et)2 and Ph as ring 
substituents,698, 699 one with N(Me)2 and diphenylphosphine,
700 and one species that 
features OSiMe substituents.701 
The complex [Pt(ctaPhMe)2] (57) has been characterized by 
1H-NMR, and UV-vis 
spectroscopy, elemental analysis, and single-crystal X-ray diffraction. Cyclic voltammetry 
(CV) performed on 57 in THF revealed four independent, reversible, one-electron redox 
events, indicating the possibility of five unique charge states of the [Pt(ctaPhMe)2]
n (n = 4−, 
3−, 2−, 1−, 0) system (Figure 6.1.). The monoanion [Pt(ctaPhMe)2]− (58), though strongly 
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suggested by electrochemistry, has not yet been isolated, but the doubly reduced ion 
[Pt(ctaPhMe)2]
2− (59) was crystallographically characterized. The same electrochemical 
behavior was also observed for the species [Pt(ctaPhR)2] where the para-substituent R = H 
or F, and an R = Cl complex was also prepared, but these were not investigated 
computationally. Only the gas-phase structures of 57, 58, and 59 have been modeled by 
DFT; their structural and electronic properties are discussed herein, and the distribution of 
increasing electron density at each step in the reduction process is determined. 
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Figure 6.1. Cyclic voltammetry data collected by Doerrer group member Linda A. 
Zuckerman, showing the four independent and reversible redox events in a 2.5 mM 
solution of [Pt(ctaPhMe)2] in THF. 
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6.2. Experimental 
6.2.1. Materials and Methods 
All syntheses and characterization were performed by Doerrer group member Linda 
A. Zuckerman, BU ’20. The procedure shown in Scheme 6.4. generates the intensely green 
product [Pt(ctaPhMe)2] (57). Reduction of 57 via treatment with cobaltocene (Cp2Co) in 
THF results in a [Cp2Co]
+ salt containing the dianionic species [Pt(ctaPhMe)2]
2− (59). 
Doerrer group member Jessica K. Elinburg performed these electrochemical experiments. 
X-Ray crystallographic analysis was performed by Dr. Arnold Rheingold at the University 
of California, San Diego. 
 
Scheme 6.4. Syntheses of Pt(ctaPhMe)2 (57) and [Pt(ctaPh
Me)2]
2− (59). 
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6.2.2. Computational Studies. 
Density functional theory (DFT) analysis was carried out with the 2017 release of 
the Amsterdam Density Functional (ADF) program suite.357, 358 The gas-phase geometries 
of each species were optimized with the range-separated CAM-B3LYP level of theory, and 
relativistic corrections for Pt atoms were made with the scalar ZORA as implemented by 
ADF.468 The QZ4P basis set was used for Pt atoms, SZ for H, and DZP for all p-block 
elements.592 No frozen core approximation was applied to geometry optimizations. These 
geometries were confirmed as local minima by numerical frequency calculations with the 
local density approximation (LDA), a large frozen core approximation, scalar ZORA, and 
TZ2P (Pt), SZ (H), and DZP (E) basis sets.593 Starting coordinates for [Pt(ctaPhMe)2] (57) 
and [Pt(ctaPhMe)2]
2− (59) were obtained from crystal structures. The crystal structure for 
59 was also used for the starting coordinates of [Pt(ctaPhMe)2]
− (58). Natural Bond Orbital 
(NBO) and Bader analyses were performed with the NBO 6.0466, 467 package as 
implemented by ADF. 
  
6.3. Structure and Geometry 
6.3.1. Gas-Phase Structure of [Pt(ctaPhMe)2] 
Complex 57 was optimized in the gas phase with a closed-shell configuration. Four 
types of bond distances were compared between the crystal structure and gas phase 
geometry, as shown in Table 6.1.: Pt–S, S–C, and C–N within the chelate ring, as well as 
the bond between the C in the chelate ring and the phenyl ipso carbon. The largest changes, 
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of 0.086 and 0.055 Å, were observed in the latter category. All other bond distances were 
within 0.003 and 0.034 Å of experimental values. 
 
Table 6.1. Comparison of bond distances (Å) in the crystal and gas-phase structures of 
the neutral [Pt(ctaPhMe)2] (57).  
Bond Crystal Structure Gas-Phase Optimized 
Pt–S 2.278(4) 2.306 
 2.277(3) 2.311 
 2.287(4) 2.302 
 2.279(3) 2.302 
   
S–C 1.703(17) 1.687 
 1.712(18) 1.691 
 1.721(17) 1.687 
 1.689(15) 1.686 
   
C–N 1.342(19) 1.311 
 1.31(2) 1.310 
 1.30(2) 1.313 
 1.33(2) 1.313 
   
Cring–CPh 1.43(3) 1.485 
 1.49(2) 1.484 
 1.57(2) 1.486 
 1.48(2) 1.487 
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Beyond bond distances, three other key metrics can be used to distinguish the 
structures of the [Pt(ctaPhMe)2]
n− (n = 0, 1, 2) complexes: (a) the geometry around the Pt 
center, as measured by τ4 and τ4′ (Equations 6.1 and 6.2)702, 703; (b) the C–S–S–C torsion in 
the chelate ring; and (c) the degree to which the ring is “bent” or “folded,” described as the 
angle between Pt, the midpoint of the S atoms, and N (Figure 6.2.). In this chapter, the 
latter value will be designated Γ. 
 
Equation 6.1. τ4 =
360° −(𝛼+ 𝛽)
141
 where β ≥ α are the two largest X–M–X angles around a 
four-coordinate center. 
 
Equation 6.2. τ4′ =
𝛽−𝛼
250.5
+
180−𝛽
70.5
 where β ≥ α are the two largest X–M–X angles around 
a four-coordinate center. 
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Figure 6.2. Folding angle, Γ, of the [cta]2− chelate ring in 58. The red sphere represents 
the midpoint between the two S atoms. Phenyl substituents have been removed for 
clarity. 
 
Having a four-coordinate Pt(II) center, the geometry of the {PtS4} unit is expected 
to be square planar in which τ4 = τ4′ = 0. However, there is a small amount of distortion 
from the ideal symmetry, which changes based on oxidation state of the complex. In the 
neutral species, τ4 = τ4′ = 0.015 in both the crystal and gas phase structures. The chelate 
rings remain relatively flat with Γ values greater than 175° (Figure 6.3.a). Both structures 
are of roughly CS symmetry.  
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Figure 6.3. Side view of geometry-optimized structures of complexes 57 (top), 58 
(center), and 59 (bottom), showing the increasing bend in the chelate rings upon 
reduction. Hydrogen atoms have been removed for clarity. 
 
6.3.2. Gas-Phase Structure and Spin State of [Pt(ctaPhMe)2]
2− 
As discussed in the introduction to this chapter, 57 undergoes four independent, 
reversible redox events when studied by CV. Based on previous literature studies of Pt 
dithioketonates,704 the absence of the irreversible feature that reduction of Pt(II) to Pt(0) 
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would generate,704 and the fact that the redox features are observed at very negative 
potentials, these events are proposed to occur on the ligands rather than the Pt center. 
Thermodynamic considerations suggest that each ligand would be reduced in turn; i.e., 
“ligand A” would undergo a one-electron reduction, and then “ligand B” would undergo 
the same, before “ligand A” was reduced again (Scheme 6.5.). Thus, the doubly reduced 
complex 59 would feature two [cta]2− ligands, each with its own localized unpaired 
electron. The next two reduction steps would generate [cta]3−. Proposed resonance 
structures for each form of the ligand are presented in Scheme 6.6.. 
 
 
Scheme 6.5. Simplified diagram of the proposed reduction steps of 57. Ligands that have 
been reduced once are highlighted in purple, and doubly reduced ligands are shown in 
red. The top line shows the reduction first of 57 to 58, and then of 58 to 59. 
 
 
199 
 
 
 
Scheme 6.6. Potential resonance structures accessible to  [ctaR]− (top), [ctaR]2− (middle), 
and [ctaR]3− (bottom).When R is a conjugated system like Ph, the radical character can be 
further displaced, generating even more possible configurations. 
 
To determine the ground state of 59, geometry optimizations were performed in 
both the low-spin (S = 0) closed-shell state and the high-spin state with two unpaired 
electrons (S = 1). Comparison of the total bonding energies for each configuration revealed 
that the high-spin state was more energetically favorable by 17.4 kcal/mol. The energy 
decomposition data presented in Table 6.2. show that the S = 1 state is 21.85 kcal/mol more 
favorable in the fixed crystal structure configuration as well. In addition, a single-point 
calculation was performed on the geometry of the triplet state while enforcing an S = 0 
broken-symmetry (BS) configuration; the energy of the BS state is identical to that of the 
triplet. For the remainder of this chapter, discussion of 59 will use data from the optimized 
gas-phase structure in the S = 1 state, unless otherwise noted.
  
 
2
0
0
 
Table 6.2. Breakdown of bonding energies (kcal/mol) in various geometries and spin states of [Pt(ctaPhMe)2]
n−. The 
“Coulomb” term is the sum of the steric and orbital interaction energies. The neutral [Pt(ctaPhMe)2] (57) was shown by 1H 
NMR to be diamagnetic, so the high-spin versions were not investigated computationally.  
Complex Geometry # Unpaired e− Electrostatic Kinetic Coulomb 
Exchange 
Correlation 
Total Bonding 
Energy 
[Pt(ctaPhMe)2] (57) Crystal 0 −8797.67 10138.09 −2570.72 −13136.90 −14367.21 
 Gas Phase 0 −8541.05 6666.27 −461.30 −12280.39 −14616.47 
        
[Pt(ctaPhMe)2]
− (58) Gas Phase 1 −8478.12 6650.19 −392.40 −12447.53 −14667.86 
        
[Pt(ctaPhMe)2]
2− (59) Crystal 0 −8798.67 10414.75 −2481.60 −13516.55 −14381.04 
  2 −8797.67 10485.60 −2529.28 −13561.53 −14402.89 
        
 Gas Phase 0 −8430.80 6580.04 −214.40 −12573.14 −14638.30 
  2 (BS)a −8398.36 6593.34 −247.65 −12602.90 −14655.57 
  2 −8398.36 6583.74 −237.45 −12603.58 −14655.65 
aIn the broken-symmetry state, the two unpaired electrons are of opposite spins.
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The optimized geometry of 59 has Pt−S bonds 0.020 – 0.031 Å longer than in the 
crystal structure, while the other key distances are 0.001 – 0.032 Å shorter (Table 6.3.). Γ 
is less than 3° higher in the gas phase, with values of ~151° for both rings. The {PtS4} 
environment around the Pt center is very slightly distorted away from square planar in the 
crystal structure (τ4 = τ4′ = 0.010), but it optimizes to a rigorously square planar 
configuration (τ4 = τ4′ = 0.001) in the gas phase. If the hydrogen atoms are disregarded, the 
molecule has Ci symmetry (tolerance = 0.017 Å). Within the core formed by the chelate 
rings alone, the structure is Ci symmetric to a tolerance of 0.005 Å. 
 
Table 6.3. Comparison of bond distances in the crystal structure of 59 and gas-phase 
structures in the low-spin and high-spin configurations. All values in Å. 
Bond Crystal Structure Gas Phase, Low Spin Gas Phase, High Spin 
Pt–S 2.290(2) 2.291 2.321 
 2.297(2) 2.297 2.318 
 2.297(2) 2.294 2.321 
 2.298(2) 2.298 2.318 
    
S–C 1.756(9) 1.735 1.737 
 1.748(9) 1.737 1.735 
 1.749(9) 1.739 1.737 
 1.758(9) 1.741 1.741 
    
C–N 1.330(10) 1.315 1.320 
 1.347(10) 1.317 1.314 
 1.331(10) 1.315 1.320 
 1.320(10) 1.316 1.314 
    
Cring–CPh 1.488(11) 1.476 1.479 
 1.493(11) 1.476 1.482 
 1.481(11) 1.474 1.479 
 1.485(11) 1.474 1.483 
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6.3.3. Modeling of the Singly-Reduced [Pt(ctaPhMe)2]
− 
Although the presence of [Pt(ctaPhMe)2]
− (58) was observed by CV, the complex 
has not yet been isolated experimentally. Without crystallographic data for 58, the crystal 
structure of 59 was used as starting coordinates to optimize the mono-anion in the gas 
phase. The converged geometry is slightly distorted away from square planar around the 
Pt center, with τ4 = 0.099 and τ4′ = 0.087, and shows a distinct asymmetry consistent with 
reduction localized on one ligand. As shown in Figure 6.3.b and Table 6.4., one chelate 
ring remains almost flat (Γ = 172.76°) while the other is bent to 134.74°. The folded ring 
also exhibits longer Pt–S and S–C distances than its unfolded counterpart. These 
contortions further support the idea that the unpaired electron is added to a single ligand, 
reducing it from [cta]− to [cta]2−. Scheme 6.7. shows a proposed electronic structure for 
such a species wherein the delocalized π system of the [cta]− chelate ring is lost, producing 
two negatively charged sp3 sulfur atoms and an sp2 carbon radical. These reconfigurations 
of atomic orbital hybridization are consistent with the observed buckling of the chelate 
ring; however, the electronic structure data provide a more nuanced description, which will 
be discussed below. 
 
203 
 
 
 
Scheme 6.7. Proposed electronic structure of 58. Addition of a single electron to the 
neutral complex changes one ligand from the fully delocalized monoanionic structure 
(left) to a dianionic radical with the unpaired density distributed across the C–N–C 
portion of the ring (right). 
 
Table 6.4. Key distances (Å) and angles (°) in the two ligands of 58. 
 cta 1 cta 2 
Pt–S 2.285 2.321 
 2.281 2.332 
   
S–C 1.684 1.742 
 1.681 1.750 
   
C–N 1.317 1.309 
 1.318 1.317 
   
Cring–CPh 1.493 1.482 
 1.494 1.473 
   
C–S–S–C 20.36 11.33 
   
Γ 176.20 134.74 
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6.3.4. Structural Trends in [Pt(ctaPhMe)2]
n− 
Complexes 57, 58, and 59 show the effects of successive one-electron reduction 
events on the [Pt(ctaPhMe)2]
n− system. The most easily noticed changes are in Γ (Figures 
6.3. and 6.4., Table 6.5.), which occur stepwise with the addition of electrons to the system. 
In the neutral 57, both Γ values are greater than 175°. When an electron is added to generate 
58, one ligand is reduced to [cta]2−, which bends to 134.74° due to increased sp3 character 
on the S atoms. Only very slight alterations are seen on the other [cta]− ring (Table 6.4.). 
Upon addition of a second electron to form 59, the complex optimizes to a more symmetric, 
less bent structure, with both ligands assuming a fold angle of ~151°. Meanwhile, the C–
S–S–C torsion decreases with increasing negative charge on the ligand, but this effect is 
smaller, on the order of 5-10° with each electron added to the complex. 
 
 
Figure 6.4. Overlay of the chelate ring structures of 57 (red), 58 (green), and 59 (blue). 
Phenyl substituents have been removed for clarity.
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Table 6.5. Key distances (Å) in and angles (°) gas phase structures of [Pt(ctaPhMe)2]
n−, separated by ligand 
 cta 1  cta 2 
n = 0 1 2  0 1 2 
Pt–S 2.306 2.285 2.321  2.302 2.321 2.321 
 2.311 2.281 2.318  2.302 2.332 2.318 
        
S–C 1.687 1.684 1.737  1.687 1.742 1.737 
 1.691 1.681 1.735  1.686 1.750 1.735 
        
C–N 1.311 1.317 1.320  1.313 1.309 1.320 
 1.310 1.318 1.314  1.313 1.317 1.314 
        
Cring–CPh 1.485 1.493 1.479  1.486 1.482 1.479 
 1.486 1.494 1.482  1.487 1.473 1.483 
        
C–S–S–C 26.85 20.36 2.13  20.32 11.33 1.84 
        
Γ  175.26 176.20 151.30  179.25 134.74 151.81 
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Both [cta]− units in 57 have S–C distances of ~1.69 Å. In 58, two of those distances 
increase to ~1.75 Å on the same ligand. Then, after the second reduction, both ligands on 
59 have S–C distances of 1.735 and 1.737 Å, which are longer than in 57 but shorter than 
those in [cta]2− on 58. The localized nature of this effect is seen very clearly in Figure 6.5., 
where the nonequivalent ligands of 58 are highlighted. 
 
 
Figure 6.5. Comparison of bond distances in 57, 58, and 59. Solid ([cta]−) and empty 
([cta]2−) triangles represent the two non-equivalent ligands in 58. 
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A more subtle change is observed in the Pt–S distances, which are 0.015 – 0.030 Å 
longer in [cta]2− than [cta]−. Only three out of four Pt–S bonds follow this trend in the gas 
phase, however; the fourth interaction shows the same trend in the crystal structure, but the 
optimized value for 57 was too high to replicate the effect (Table 6.1.). In addition, the 
non-reduced [cta]− unit in 58 features Pt–S distances 0.021 and 0.030 Å lower than those 
in 57. 
To further investigate the bonding interactions, three common indices (Mayer, 
Wiberg, and NBI) were used to calculate bond orders. The lengthened S–C distance is 
accompanied by a non-negligible drop in total bond order of between 0.1 and 0.2 units, 
depending on the index. These data indicate that the unpaired electron is added to an 
antibonding orbital, thus reducing the bond order. No other bonds have changes of more 
than 0.1 units in any index. Further discussion of the electronic structures of 57 – 59 is 
presented later in this chapter. 
Lastly, the partial charges on the sulfur atoms become more negative by ~0.2 
electrons when the complexes are reduced. This change is consistent with Schemes 6.6. 
and 6.7.; the [cta]2− ligands have access to a resonance configuration that places additional 
negative charge on the sulfur atoms. As with bond length and bond order, the change in the 
sulfur atoms’ partial charges occurs on each ligand in turn when they are reduced (Figure 
6.6.). A smaller decrease in charge occurs on the carbon atoms in the chelate rings. 
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Figure 6.6. Comparison of partial charges in 57, 58, and 59. Solid ([cta]−) and empty 
([cta]2−) triangles represent the two non-equivalent ligands in 58. 
 
6.4. Electronic Structure Analyses 
6.4.1. Effects of Reduction on Ligands 
An in-depth molecular orbital analysis was conducted to provide a more nuanced 
description of the system, and a qualitative MO diagram showing the frontier orbitals of 
57 – 59 is presented in Figure 6.7.. The data confirm the hypothesis that the singly-occupied 
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HOMO in 58 containing the additional electron is antibonding and located on the more 
distorted ligand. The LUMO is primarily on the other [cta]−, suggesting that when 58 is 
reduced to 59, the second electron will be accepted by that ligand. This proposed process 
is consistent with both the structural and electrochemical data. 
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Figure 6.7. Comparison of the frontier MOs of (left) 57, (center) 58, and (right) 59. 
Energy axis not to scale. Isosurfaces rendered at 0.03 au. Hydrogen atoms have been 
removed for clarity. 
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While the unpaired electron of 58 resides on a single ligand, it is not strictly 
localized to a single atom, or even to the core chelate ring. The SOMO contains ~63% total 
p character from the S and C atoms in the chelate ring, but none from the N atom, and the 
rest is made up of 2p character from the carbon atoms in the phenyl groups. The spin 
density is consistent with these data; it was found by natural population analysis that the 
majority of unpaired spin resides on C(1) and C(2) in the chelate ring, rather than on the 
sulfur or Pt atoms (Figure 6.8., Scheme 6.8.). Examination of the SCF polarization of 58 
and 59 (Figure 6.9.) further corroborates this assignment. 
 
 
Figure 6.8. Visualization of the spin density of complex 58. Isosurfaces rendered at a 
value of 0.03 au. Hydrogen atoms have been removed for clarity. 
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Scheme 6.8. Distribution of spin density in the reduced [cta]2− ligand of 58. The 
“backbone” carbon atoms are highlighted in blue. 
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a.  
b.  
c.  
Figure 6.9. Density maps of (a) 58, (b) 59 in the S = 1 state, and (c) 59 with broken 
symmetry, showing the polarization of spin density upon reduction. Red and blue areas 
indicate higher regions of α and β polarization, respectively. Isosurfaces rendered at a 
value of 0.03 au. 
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In addition, some carbon atoms in the phenyl rings (C4, C6, C10, and C14 in 
Scheme 6.8.) have spin density comparable to that on sulfur, although the positive and 
negative spin distributed around the phenyl groups largely cancel each other out. Not only 
do these data show that the introduction of an electron to the system does not entirely break 
the delocalization of the ligands (Scheme 6.7.), but they also illustrate how the substituents 
of a condensed thioamide may subtly affect the formation of the complex. In the proposed 
mechanism of the template condensation of thioamides on Pt (Scheme 6.3.), the R group 
affects both the steric environment and the electrophilicity of the central C atom. Empirical 
results gathered by Linda Zuckerman reveal that reactions where R = Me or Bz do not 
proceed cleanly; it was originally thought that the ortho-hydrogens of the phenyl groups 
could stabilize the heteroatoms via H-bonding, but substitution experiments to date have 
been inconclusive. Another possible explanation is that the aromaticity of the phenyl group 
plays a role in the synthesis. The atomic contributions to the SOMO of 58, and the 
delocalized spin density observed in 58 and 59, suggest that the phenyl ring may act as an 
electron reservoir for the complex. These data therefore support the notion that having a 
delocalized system adjacent to the sp2 carbon in the reagent amide may be important to the 
mechanism. Detailed thermodynamic modeling of the mechanism might provide further 
insight, but that is beyond the scope of this work. 
 
6.4.2. Pt–S, S–C, and C–N Interactions 
Natural Localized Molecular Orbital (NLMO) analysis shows the Pt(II) center in 
57 has four lone pairs (LP), each with greater than 94% Pt d character. This result is 
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consistent with the expected electronic structure of a square-planar d8 metal, and leaves 
only the empty dx2−y2 AO available to interact with the neighboring S atoms. Examination 
of the canonical MOs shows that the x2−y2 orbital contributes to bonding and antibonding 
MOs with an energy gap of 10.44 eV between them; the antibonding part of x2−y2 remains 
unoccupied, as expected according to ligand field theory, while the bonding orbital 
overlaps primarily with the p orbitals of the sulfur atoms (Figure 6.10.). This behavior does 
not change among the three species, providing further confirmation that only the ligands 
are significantly affected by reduction of the complex. 
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Figure 6.10. Molecular orbital diagram showing the α MOs of 57 with the largest 
contributions from the 5d orbitals of Pt. Isosurfaces were rendered at a value of 0.03 au. 
Energy axis not to scale. Zero energy arbitrarily set at the HOMO. 
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Because of the extensive delocalization within the approximately two-fold 
symmetric chelate rings, it is difficult to track changes in S–C and N–C interactions via 
canonical MO analysis. As such, NLMOs were employed to help describe the bonding. In 
57, all four S–C bonds contain both a σ and a π component. The σ bonds are comprised of 
roughly 10% 3s and 37% 3p from the S atoms, and 16% 2s and 36% 2p from the C atoms. 
The π bonds are a 70/30% split between S and C p character. Upon reduction to 58, the 
[cta]2− ligand loses π character between S and C, though the makeup of the σ bonds does 
not change. After the second reduction step to form 59, both [cta]2− ligands have lost S=C 
π interactions. The Natural Electron Configurations (NCE) of the complexes (Table 6.2., 
Figure 6.11.) show a slight increase of electron population (on the order of 0.2 electrons) 
in the 3p orbitals of sulfur while the 3s population remains the same. A similar effect occurs 
on the backbone C atoms (C1 and C2 in Scheme 6.8.) as well, but to a much smaller degree. 
These changes once again are consistent with the redox state of the ligand, and provide 
evidence that the added electron density is affecting the hybridization of the S atoms. 
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Figure 6.11. Comparison of natural electronic populations in the s (red) and p (blue) 
valence orbitals of selected atoms in 57, 58, and 59. Solid ([cta]−) and empty ([cta]2−) 
triangles represent the two non-equivalent ligands in 58. 
 
An inverse progression of changes to the π system occurs between N and C. Upon 
reduction of the [cta]− ligand, a π interaction of about 50/40% ratio develops between the 
backbone atoms (C1 and C2 in Scheme 6.8.). The very small change in the NCEs of the 
ring carbons indicates that their hybridization does not change much, and it may be inferred 
that the π system is relocating away from the S–C interaction and into the N–C bond. This 
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inference is consistent with the Lewis structure presented in Scheme 6.7.. The nitrogen 
atoms themselves do not experience a change in NCE, however, indicating that the 
dominant resonance structures in both [cta]− and [cta]2− are those in which nitrogen has one 
single bond, one double bond, and one lone pair (Scheme 6.6.b, e, and h). In [cta]2−, these 
are the Lewis structures placing the negative charge on the S atoms and the radical 
character on the C atoms – all consistent with the spin density and partial charge 
distribution data above, and with the overall electronic structure for [cta]2− shown in 
Scheme 6.7.. 
 
6.4.3. Inter-Ligand Communication 
Both the electrochemistry and the frontier orbitals of 58 indicate discrete addition 
of electrons to each ligand in turn. However, upon addition of the second electron to form 
59, the HOMO and HOMO-1 are close enough in energy to result in a small degree of 
mixing. The result is a pair of orbitals, shown in Figure 6.7., that are distributed across the 
whole molecule. One is in-phase (190) and the other is out-of-phase (189), indicating a 
very slight interaction between the two isolated magnetic orbitals. The increased 
communication between ligands may be responsible for the reduced folding of [cta]2− in 
59 compared to 58. 
The S = 1 state is 17.4 kcal/mol more energetically favorable than an S = 0 one; an 
energy decomposition analysis presented in Table 6.2. reveals that the increased 
electrostatic repulsion in the S = 1 state is counteracted by a lower exchange-correlation 
energy and a more negative orbital interaction term (an umbrella term used by ADF 
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software to quantify aspects of the energy calculation that are not explicitly defined as 
discrete physical concepts), consistent with the MO data described above. A broken-
symmetry (BS) calculation, in which one [cta]2− was assigned α-spin and the other was 
assigned β-spin, was also performed. As shown in Figures 6.12. and 6.9.c, the spin density 
is well localized on each ligand. The calculation also produced a nearly identical total 
bonding energy as the triplet state, but the very slight energy difference of 0.08 kcal/mol is 
still enough to show that there was a very small interaction that was broken. An Evans-
method NMR measurement could empirically determine the spin state of the complex in 
solution, but temperature-dependent magnetic studies would be required to empirically 
describe any weak magnetic coupling.  
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Figure 6.12. Visualization of the spin density on the broken-symmetry S = 0 state of 59. 
Isosurfaces rendered at a value of 0.03 au. Hydrogen atoms have been removed for 
clarity. 
 
6.5. Conclusions. 
Three Pt(II) species featuring a new ligand type, the condensed thioamide, have been 
investigated computationally. When the complex [Pt(ctaPhMe)2] is reduced to 
[Pt(ctaPhMe)2]
− and then [Pt(ctaPhMe)2]
2−, the introduced electrons are accepted by each 
ligand in turn; this behavior can be extrapolated to the next two reduction steps, making it 
consistent with experimental data showing four separately-addressable electrochemical 
features (Figure 6.1.). Though no σ bonds are broken upon reduction of a ligand, the π 
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interactions between the S and C atoms are lost, and the hybridization of the sulfur atoms 
gains p character. Meanwhile, π interactions develop between the C and N atoms of the 
chelate ring. The unpaired spin is distributed primarily to the two C atoms in the backbone, 
but the phenyl substituents serve as an electron sink to help stabilize the unpaired density. 
After a second electron enters the system, the magnetic orbitals on each ligand 
communicate, albeit very weakly, with each other. Empirical studies such as Evans method 
and SQUID magnetometry would further elucidate the magnetic properties of 
[Pt(ctaPhMe)2]
2−.  
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